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10 INTRODUCTION 
101 General Remarks 
This report is one of a series describing and interpreting the 
results of an investigation of the strength and behavior of multiple-panel 
reinforced concrete floor slabs at the Civil Engineering Department of the 
University of Illinois. In this report the relationships between the measured 
bending moments in the series of five test structures and those predicted on 
the basis of elastic analyses are investigated. 
There are two different types of reinforced concrete floor slabs in 
general use at the present time. These are the beamless floors, the flat slabs 
and the flat plates, which are supported only on columns, and the two-way slabs, 
which are supported on beams which span between the columns. Design provisions 
and specifications for both types of structures appear in the ACI Building 
Code (318-56) * (1) . The definitions of the two types of construction may be 
taken from the Code as follows: 
"Flat Slab-A concrete slab reinforced in two or more directions, 
generally without befuus or girders to transfer the loads to the supporting 
members. 11 
"Two-way systems with supports on four sides (a)--This constr~ction, 
reinforced in two directions ..... shall be supported by walls or beams on all 
sideso o. [in all cases built monolithically with the slabs] 0" 
The limitation enclosed in the brackets appeared in the 1940 Joint 
Committee Report (2) with reference to the then new Method 2 for design of 
two-way slabs, but was omitted in the ACI Building Code requirements. A 
* Numbers refer to entries in the bibliography. 
-1-
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proposed version of the ACI Building Code (3) has reincorporated this limitation 
in the requirements of Method 2. 
There are appreciable differences in the load carrying capacities of 
different types of slabs which are designed for the same working loads according 
to the Code provisions. At one extreme, the flat plate and flat slab structures 
are designed for the favorable loading condition of all panels loaded. On the 
other hand, the two-way slab structures are designed implicitly for the 
maximum moments which are caused at each critical section by various patterns 
of partial loading. 
Furthermore, the interior panel of a flat slab structure may be 
designed for as little as 72 percent of the static moment. In an interior 
panel of a two-way slab, the total design moment is 121 percent of the static 
moment since each critical section is designed for the maximum obtainable 
moments rather than the moments which exist when all panels are loaded. For 
these reasons the total moment for which reinforcement is supplied in the 
interior panel of a two-way slab is 170 percent of the moment in a flat slab 
with the same design loadu The ultimate for a two-way slab is conse~uently 
much greater than that for a flat slab which has the same design load. 
The reasons for these differences are found in the development of 
the two types of structures. The flat slab structures were being built several 
years before a method of analysis was available, and were usually load tested 
before use. Attempts were made to find the moments caused by the proof loads, 
but the results were unsatisfactory because in most cases only a few panels 
were loaded, the reinforcement strain measurements made were limited, and 
because the tensile forces in the concrete were not properly taken into account 
in converting the measured strains to moments. These tests were generally 
interpreted to indicate more reserve strength than the structures actually 
possessed. 
-3-
Later, when analytical methods of determining the moments were 
developed, the results of the analyses were adjusted to match the moments which 
were believed to exist in the structures. The provisions for flat slab floors 
contained in the Codes have been essentially unchanged in result, though not 
in detail, since first being published in the 1920 edition of the ACI Building 
Code. 
Two-way slabs were developed from theoretical considerations of 
plates supported on non-deflecting supports. Plate theory solutions were 
developed in order to find the maximum moments at each critical section, and 
these were adopted as the design moments. The plate edge reactions, developed 
for rigid supports, were used as the applied loads on the beams. Since these 
loads were large, the resultant beams were either quite deep or very heavily 
reinforced. 
The presence of beams certainly alters the distribution of the 
moments in a floor slab, but it cannot change the total moment. Also, there 
is no recognition in the Code, either explicit or implicit, that slabs sup-
ported on beams of intermediate stiffnesses may be designed or constlucted 
without using unrealistic amounts of reinforcement. 
Because of these apparent contradictions in the Building Code, this 
investigation has been undertaken in order to attempt to reconcile the dif-
ferences between the design provisions for flat slab and two-way slab floors. 
It is also desired to develop a method of design which will allow freedom in 
the selection of the beam stiffnesses. 
Five quarter-scale nine-panel reinforced concrete floor slabs have 
been built and tested in the experimental phase of this investigation. The 
structures were as follows: 
(1) Flat J.:,la te 
(2) Flat :slab 
(3) Typical two-way slab 
-4-
(4) Two-way slab with shallow beams 
(5) Flat slab reinforced with welded wire fabric. 
The two flat slab structures were geometrically similar, and had 
equal areas of reinforcement at all critical design sections. The flat plate, 
the flat slabs, and the typical two-way slab were designed according to the 
ACI Code (318-56). The two-way slab with shallow beams was designed on the 
basis of a limit analysis. Reinforcement was provided for 100 percent of the 
static moment, and the moment capacity was divided equally between the slabs 
and beams 0 
All of the structures have been tested, and the results of the tests 
are presented in several reports. The behavior of these structures, and moments 
measured in them are reported in references 4, 5, 6, 7, 8, and 9. 
1.2 Object and Scope 
The primary objective of this study is to develop a design procedure 
applicable to all types of reinforced concrete floor slabs with rectangular 
panels supported on all corners. The design procedure is intended to result in 
a uniform factor of safety for both flat slabs and two-way slabs and to permit 
the use of a wide range of flexural and torsional stiffnesses in the supporting 
beams. 
Such a procedure must be based on the results of theoretical and 
experimental investigations since it is not practically possible for either 
the theoretical or experimental phases of the investigation to cover all of the 
possible variables that may be encountered in real structures. 
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The results of theoretical analyses of slab panels and slab 
structures are examined. These results form the basis for the extension of 
the experimental results to conditions which were not included in the 
experimental work. 
Five reinforced concrete slab structures were tested in order to 
obtain information on their strength and behavior. The distributions of 
moments in the test structures were compared with the theoretical moments. 
These comparisons form the basis for modifications of the results of the 
theoretical analyses in the development of the design procedure. 
A review of some of the tests of two-way slab strucutres reported in 
the literature is contained in Chapter 2. Chapter 3 describes the physical 
characteristics of the five structures tested in the present investigation. 
Chapter 4 presents several of the analytical methods available for the solution 
of plate problems. The results of these analyses are given in Chapter 5. The 
moments measured in the tests structures are presented in Chapter 6, and the 
methods by which the moments were obtained from measured strains in the rein-
forcement are given in Appendix A. The relationships between the theoretical 
and measured moments are investigated in Chapter 7, and the strengths of the 
five structures are analyzed in Chapter 8. Recommendations for the design of 
reinforced concrete floor slabs are made in Chapter 9. Chapter 10 is a 
summary of the report. 
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1.4 Notation 
a span considered in a plate, also span in x direction 
arbitra~ constants to be determined in Eq. 4.4 
Alm, A2m = constants to be determined in Eq. 4.7 
A constant to be determined in Eq. 4.2 
mn 
A area of reinforcement 
s 
ex constant to be determined in Eq. 4.6 
rnn 
b span perpendicular to span considered; also span in y direction 
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b the perimeter of critical section for shear around a column 
Blm, B2m = constants.to be determined in Ego 4.7 
f3 
f3m 
c 
C 
C 1 
C , 
a 
d 
e 
11 
E 
f! 
C 
f 
Y 
G 
h 
Cb 
constant determined by Moe in slab shear tests 
constant to be determined in Eg. 4·7 
diameter or width of column capital 
constant to be determined in Eg. 4.2 
constant to be determined in Ego 4·3 
torsional moments of inertia of beams spanning in a and b directions, 
respectively 
effective depth of reinforcement 
eccentricity of load 
y/b 
modulus of elasticity of particular member 
functions of x and y which satisfy boundary conditions, 
Eg. 4.4 
concrete cylinder strength at time of test 
yield strength of reinforcement 
shear modulus of elasticity = E/2(1 + ~) 
constant to be determined in Ego 4.6 
story height 
longer side of beam cross section 
shorter side of beam cross section 
E I IbN and 
a a 
~ Ib/aN, relative stiffness ratios of beams spanning in a and b 
directions, respectively 
I moment of inertia of gross, uncracked cross section of member' 
J 
a 
GC 
a 
aN 
GCb J b - bN measures of beam relative torsional stiffness 
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k , k , k 
c s -0 numerical factors reflecting the shape and support conditions 
of a member 
constants to be determined in Eq. 4.7 
L span length for square panels 
A a constant which is a function of the cross section of a beam 
m a positive integer, 1, 2, 3, ..... 00 
M bending moment in direction considered 
M bending moment in x direction 
x 
M bending moment in y direction, also the yield moment y 
~ Poisson's ratio, assumed to be zero in this investigation 
n a positive integer, 1, 2, 3, ..... 00 
N 2 12(1 - u ) 
, a measure of plate stiffness 
P punching shear capacity of slab and eccentrically loaded column 
P punching shear capacity of slab and axially loaded column 
o 
~ a particular solution of the general plate differential equation, Eq. 4.7 
~ ratio of shear strength to flexural strength 
o 
q unit intensity of load applied to slab 
r length of side of column 
Sm(x), Sn(Y) = S-functions in x and y directions, respectively, Eq. 4.6 
t 
T 
K 
v 
u 
w 
y 
m 
thickness of plate or slab 
a measure of the ratio of beam torsional stiffness to slab flexural 
stiffness 
punching shear capacity of slab 
deflection 
hyperbolic function to be determined in Eq. 4.3 
x/a 
2. REVIEW OF PREVIOUS TESTS ON TWO-WAY SLABS 
2.1 Introductory Remarks 
Load tests have been carried out on reinforced concrete slab floors 
for two separate, basically different reasons. An acceptance test, or proof 
loading of a new structure, has been the most common, while in some instances 
a structure, or part of a structure, has been loaded strictly for research 
purposes. In the cases of proof loading of a structure, only the load and the 
deflections have been measured since the construction contracts normally 
specified that the deflection under perhaps twice the design load should not 
exceed a specified amount if the contractor was to be paid for his labors. 
Test loadings were widely specified in the early part of the twentieth century 
for flat slab construction because there did not exist at the time any rational 
method of design for flat slabs. 
Test loadings for research have been much less common than for 
acceptance. In several cases, research personnel were extended the 
opportunity of supervising proof tests and allowed to make whatever measure-
ments they might feel helpful. In such cases, strains in both the concrete 
and in the reinforcement were read in addition to the deflections, and 
occasionally observations such as column rotations were also made. Naturally 
in such cases the loading could not be increased to failure to find what the 
strength was, but the behavior under working loads and moderate overloads 
could be carefully documented. 
More informative load tests could be carried out occasionally on 
structures that were scheduled to be demolished, because in such cases the 
load could be increased until failure seemed tmminent. 
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Other research was carried out on structures specially constructed 
for the purpose. While the work could be either scientifically or com-
mercially motivated, these structures were in general rather simple, consisting 
only of a few panels. 
A review of the load tests on flat slab structures has been made, 
and the results of the tests discussed, in a recent report (6) by D. S. Hatcher. 
For this reason, the tests of flat slab structures will not be included in the 
following discussion. 
In the following sections, some of the more significant results of 
load tests on two-way slab panels and two-way slab structures will be pre-
sented and discussed. 
2.2 Slab Tests by Bach and Graf 
Bach and Graf (10) tested 52 simply supported single panel slabs 
between 1911 and 1914. Most of the slabs were square with spans of 200 em 
(6.5 ft), and a few were rectangular panels with a short span of 200 cm and 
the long span as much as 400 cm. In addition, a few double panels continuous 
across a beam were tested. Strains in the concrete and reinforcement were 
measured, as were deflections. Auxiliary tests of 35 beams were made to aid 
in the interpretation of the strain measurements in the slabs. Very little 
interpretation of the test results was made by Bach and Graf. 
Westergaard and Slater (11) studied the data from these tests and 
reached important conclusions about the capacity for redistribution of moments 
as the ultimate load was approached. The presence and possible importance of 
membrane forces in the plane of the plate at large deflections was noted, and 
it was concluded that reinforcement parallel to the sides of a square plate 
was more efficient than that parallel to the diagonals of a plate. 
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Later Chamecki (12) studied the test data with the intent of 
checking the application of yield line analyses. He found that in nearly 
all cases the test load was greater than the calculated load. 
2.3 Barr Building Test 
The Barr Building Test Panel was constructed in St. Louis) Missouri) 
in 1911 to provide proof that the two-way construction proposed for an 
industrial building was adequate (Ref. 13). The centerline dimensions of the 
panel were 25 ft by 26 ft 9 in.) and there were overhanging cantilever spans 
on three sides. A plan view of the slab is shown in Fig. 1. The edge beams 
were rolled steel sections) and were encased in concrete cast monolithically 
with the slab. The slab was of ceramic tile with the spaces between the tile 
containing the reinforcement and concrete. A topping of concrete over the 
tiles brought the total thickness to 9-1/2 in. 
The design live load was 150 psf) and the St. Louis Building Code 
called for an applied proof load of twice the design live load plus the dead 
load of the structure. At the required test load of 380 psfthe mid-panel 
deflection was 1.33 in. The maximum applied load on the interior panel was 
650 psf) ared the corresponding deflection was 3.3 in. Neither the steel nor 
the concrete strength are given in the report, so it is impossible to compute 
the expected failure load. On the basis of a yield line analysis, an ultimate 
load of 650 psf would correspond to a steel yield stress of about 55,000 psi 
which does not appear unreasonable. 
2.4 Arlington Building Test 
The load test of the Arlington Building) Washington) D. C., in 1918 
has been reported by Larson and Petrenko (14). Six panels on the first floor 
(see Fig. 1 for layout) of the 11 story building were loaded. The slab was 
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of hollow tile and concrete construction) and was supported on concrete beams 
reinforced with light rolled sections acting in direct tension. The design 
live load was 100 psf) and the dead load about 50 psf. The slab thickness) 
including topping over the tiles) ranged from 5.6 to 6.S in. One panel was 
tested with no topping over the tiles, and the thickness of this panel was 
4.4 in. 
The load on the four panel group was applied to produce maximum 
positive and negative moments, and then all four of the panels were loaded to 
190 psf. For the maximum positive moment loading, the maximum applied load 
was 3S0 psf. 
The maximum stress recorded in the steel was 24 ksi, in a positive 
moment section. It was also found that a checkerboard loading for maximum 
positive moment nearly doubled the stresses at the center of a panel as 
compared to the stresses when only that panel was loaded. The maximum stress 
at design load was about 4 ksi. 
Considerable distress in the spandrel beam supporting the edge panel 
of the four panel group was noted by the authors) as follows: IlA large crack 
(about one-eighth in.) was found extending aLuost continuously around the 
beam at each end. The appearance of such cracks in the lower portion of the 
beam might be attributed to diagonal tension) but the cracks above the level 
of the floor slab are plainly due to torsion. The fact that the cracks on 
the top of the beam have a slope of approximately 45 degrees inward and toward 
the near support indicates that the twisting action at the top of the beam was 
toward the panel. The distortion in the beam was plainly vis ible. II 
2.5 Test Structure in Waynesburg) Ohio 
A full-sized IS-panel hollow tile and concrete slab was tested in 1919 
to 1921 at Waynesburg) Ohio (15). A layout of the test structure is shown in 
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Fig. l~ There were square panels, and rectangular panels of two different 
lengths. The dead load of the structure was 50 psf. The total loads that 
would have been allowed by the '1916 Joint Committee Report on Concrete and 
Reinforced Concrete were 83, 67, and 48 psf for the square, "intennediate" 
and "long" panels, respectively 
Among the features of the design were complete continuity of all 
port,ions of the structure, as large a span as possible (16 f't minimum), slab 
thickness of 1/32 of ,the short span (6 in.),very low reinforcement ratios 
(0.0026 for both positive ~nd negative) in the slabs, and girders heavy enough 
to carr,y appreciablY more load than any rational analysis would indicate the 
slabs could possibly support. T~st instrumentation included nearly 1500 gage 
Imes for strain measurements and 40 deflections points .. 
A "uniform" load was applied to the entire structure, 397 psf on 
the square panels, 280 psf of the intennediate panels, and 230 psf on the 
longest panels. In addition, the cantilever spans were loaded to about 
250 psf. With the 'same total load applied to the structure, the load was 
shifted into several checkerboard loading arrangements. Considerable distress 
was'-'caused in one of the long corner panels by a load of 370 psf. The deflec-
tion of the panel was three inches, and was limited only by the shoring that 
had been placed below the panel. 
The load was again shifted, and an applied load of 1410 psf on the 
square panel marked in Fig. 1, 1180 p'sf on' the intermediate length panel, 
and 920 psf on the long panel was reached. At the samet~e, the load on the 
rest of the structure was reduced to zero or at most nominal amounts. This 
load was in place for about a year. 
Using the physical properties given by the authors, the writer 
computed the ultimate loads on the panels to be 590.-psf on' <'the -square panels, 
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535 psf on the intermediate panels, and 445 psf on the longest panels. There 
seems to be no simple explanation for the extremely high loads carried by 
the structure, although arching of the load must have been a factor. Tile 
blocks were used for the load, and were stacked with aisles along the panel 
center1ines until the stacks reached heights of 9 to 12 feet. Then the stacks 
were joined and made continuous for the rest of the height, an additional 
5 to 9 feet. At the t~e the max~um load was first applied, the deflections 
of the three' panels ranged from 1/4 to 1/2 the slab thickness, so neither 
compression nor tension membrane action could have been too important. 
One important conclusion of this test was that the beams offered 
very little torsional restraint to the slabs, as the stresses at the exterior 
edge sections of the slabs were extremely low and the stresses on the two 
sides of the interior beams were nearly identical. 
2.6 Building Research Station Tests 
L. G. S~s reported in 1940 (16) the results of tests of three 
fixed-ended reinforced concrete slabs. Two were square slabs six ft square 
and the third was 6 by 12 ft, and all were four in. thick. Edge fixity was 
achieved by casting a ten-in. deep by 2 ft 4-1/2 in. wide edge beam. completely 
around the panel, and then bolting the edge beam down to the bed of the 
testing machine. Load was applied at 64 pOints on the square panels and 
128 points on the rectangular panel to simulate a: uniform load. 
One of the principal concerns of the investigation was the degree 
of fixity of the edges that could be obtained. Based on observed strains and 
deflections at loads below the cracking lead, it was concluded that the edge 
beam gave 70 to 80 percent of the rotat1uaa1 restraint that a truly fixed 
edge would supply. 
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Complete physical details are given only for the rectangular panel, 
and on the basis of this information the ultimate load for the panel was 
computed by the writer to be 2040 psf. The maximum load achieved during the 
test was 2310 psf, which is 13 percent higher than the computed ultimate. 
R. H. Wood, in connection with a study of the stiffening effects of 
concrete floor slabs on steel frames, tested a number of beam-supported single 
panel slabs to failure and also carried out some load tests on buildings that 
are currently in service (17). The investigation covered both elastic and 
plastic phases in the problem of beam-slab interaction, and the panels tested 
had beams with various stiffnesses and strengths so that a balanced condition 
in which the slab and beams should fail at the same load could be discovered. 
It was found that the yield line analysis could be used satisfactorily to 
predict both the failure load and the mode. 
Tests to loads corresponding roughly to working loads were also 
carried out on several existing structures. In general, it was found that 
the stresses produced by these loads were only a small fraction of the stresses 
that would be computed for the loads applied. The difference was attributed 
in large part to the composite action of the beams and slabs, although the 
tensile forces in the concrete would have been quite important at this 
loading stage. 
2.7 Old Dental Hospital, Johannesburg, S. Africa 
The results of a load test to failure of the Old Dental Hospital 
in Johannesburg, South Africa, are reported by A. J. Ockleston (18). A 
single panel and a pair of adjoining panels in the 10-year-old building 'were 
loaded with cast iron weights. 
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The building had been designed for a live load of 50 psf and a dead 
load of 55 psf, but the actual dead load was somewhat greater due to a mortar 
screed coat which brought the total slab thickness to over five in. 
The predicted ultimate load for the single panel was 295 psf, but 
yield strains were not measured until a load of 420 psf had been applied. 
The total load of 753 psf was reached, which corresponds to approximately 14 
times the design live load. Deflections at the maximum load were still ~uite 
small, being about 1/100 of the 14 ft span, relative to the beams. 
The yield line analysis predicted an ultimate load of 300 psf for 
the double panel loading, and the first observed yielding occurred at a load 
of 350 psf. This yielding did not visibly affect the behavior of the structure. 
The maximum total load reached during the two-panel test was 841 psf, corre-
sponding to 15-1/2 live loads or eight total design loads. The deflection at 
the center of one of the loaded panels was 2.3 in. at the maximum load, and 
this was less than half the thickness of the slab. 
The author attributes the extremely high loads carried by the slab 
to arching action in the slab (not of the load). Since the measured deflec-
tions of the slab relative to the supports at maximum load were less than 
half the slab thickness, this explanation appears plausible. 
3. TESTS OF MULTIPLE-PANEL REINFORCED CONCRETE FLOOR 
SLABS AT THE UNIVERSITY OF ILLINOIS 
3.1 Outline of Test Program 
In this chapter the five structures that have been tested at the 
University of Illinois are described. The instrumentation used in obtaining 
the test data is described, as is the loading equipment. The testing procedure 
that was followed is also presented. 
The series of test structures resulted in an extensive range of 
support conditions for the slabs. At one end of the scale was a flat plate 
(Test Structure No.1), which had only edge beams, and the other extreme case 
was that of the two-way slab (Test Structure No.3)) in which there were stiff 
beams along all of the column lines. As intermediate cases, there were two 
flat slabs (Test Structures Nos. 2 and 5) which had drop panels and column 
capitals to stiffen the column strips, and a modified two-way slab with flexi-
ble beams (Test Structure No.4) in which the beam flexural stiffness was 
approximately equal to that of one panel of the slab. 
Each of the test structures consisted of nine square panels, arranged 
three by three, spanning five ft on column centerlines. This layout resulted 
in having four corner panels, four edge panels, and one interior panel. The 
interior panel, however, was not a "typical" interior panel, as it bordered 
edge panels on all sides. A 25-panel structure arranged five by five would 
have to be tested to obtain a truly interior panel. 
The flat plate, the two flat slabs, and the two-way slab were scaled 
down from designs of full-sized structures having spans of 20 ft. The two-way 
slab with flexible beams was designed directly as a structure with five ft spans. 
There was no particular advantage in designing full-sized structures and then 
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scaling them down except that the experience of the designing engineer was 
more fully utilized. All of the structures could just as well have been 
designed directly in the reduced size. Only the numerical limitations on 
minimum section thickness and steel cover would have been different than those 
given in the ACI Code. For this reason, the remainder of the discussion of 
the physical details of the test structures will be limited to the structures 
actually tested and will exclude the prototype structures. 
In the following sections the structures will be referred to as 
follows: 
Structure Description Reference 
No. 
1 Flat Plate 4, 6 
2 Flat Slab 5, 6 
3 Typical Two-Way Slab 7 
4 Two-Way Slab with Flexible Beams 8 
5 Flat Slab with Welded Wire Reinforcement 9 
3.2 Description of Test Structures 
(a) General Description 
Each structure comprised nine panels, arranged three by three, and 
measuring five ft on column centerlines. In each case, columns extended only 
below the slab 0 The columns were pin-ended, being supported on polished steel 
balls on the reaction dynamometers. The lengths of the pin-ended columns 
extending only below the slab were determined, by an elastic analysis, so that 
their stiffnesses were equal to the stiffnesses of full length columns extending 
both above and below the slab and having the far ends fixed. This computation 
was based on the gross concrete area of the interior columns. 
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Both the reinforcing steel and the concrete used in the test struc-
tures had stress-strain characteristics similar to those found in the materials 
normally used in construction. The concrete had a typical rounded stress-strain 
curve, with the initial modulus of elasticity being well represented by the 
expression E = 1,000 fl. The tensile strength of the fine aggregate concrete 
c c 
used was slightly higher than it would have been for a normal aggregate 
concrete of similar compressive strength. 
It should be emphasized, however, that the material was reinforced 
concrete. The strength and moment-rotation characteristics of small beams made 
from the materials used in the slabs could be predicted satisfactorily by means 
of the same methods used for normal sized members. 
(b) Concrete 
The concrete used in all five test structures was a small aggregate 
mix having a nominal strength in compression of 3000 psi. The aggregate was 
composed of 80 percent Wabash River gravel and 20 percent fine lake sand, by 
weight. The fineness modulus of the blended aggregate was about 2.5. Type I 
cement was used in all structures. 
The properties of the concrete used in each of the test structures 
are shown in the following tables·o The water-cement and aggregate-cement 
ratios are in terms of weight. 
Structure Water Aggregate 
No. Cement Cement 
1 0·78 6.1 
2 0·72 5·7 
3 0·75 5·4 
4 0·73 409 
5 0072 4·9 
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The strengths and stiffnesses are reported for the age when testing 
began) and are not the standard 28-day strengths. 
Structure f' E f c c r age 
No. psi ksi psi days 
1 2510 2800 700 76 
2 2760 3100 600 78 
3 3020 3000 590 76 
4 3660 3300 940 50 
5 4000 3000 775 55 
(c) Reinforcement 
The slab reinforcement was cut from 1/8-in. square annealed cold-
drawn bars in four of the test structures. The annealing) done as described 
in earlier reports (Ref., 4) 5) or 7) to produce the des ired yield stress and 
flat-topped stress-strain curve) was done in three separate batches) so the 
y,ield stresses were slightly different in the various structures. A typical 
stress-strain curve for this reinforcement is shown in Fig. 2. 
The slab reinforcement in the fifth structure (the second flat slab) 
Test Structure No.5) was of welded wire fabric or mesh. The wire was cold 
drawn and did not show a well-defined yield point. The largest wire was 
Gage 905 (0014 in. diameter) and the smallest was Gage 16 (0.0625 in. diameter). 
A stress-strain curve for the Gage 9.5 wire is shown in Fig. 3. The mechanical 
properties of the reinforcement used in the five structures are shown in the 
following table: 
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Structure Size Steel f 
No. Bar Grade y 
1 1/8 in. sCi· C-1018 36.7 ksi 
2 1/8 in. sCi· B-1113 42.0 ksi 
3 1/8 in. sCi· B-1113 4200 ksi 
4 1/8 in. sCi· B-1113 47.6 ksi 
5 # 9.5 wire 61* ksi 
* # 10 wire 65 ksi 
# * 12 wire 70 ksi 
# 13 wire 76* ksi 
* Based on an offset strain of 0.002. 
The beam reinforcement in the first four test structures was of 
1/4-in. diameter plain bars, while the fifth structure had 1/4-in. diameter 
bars for beam reinforcement. The yield stress of the plain bars was 50 ksi, 
and that of the deformed bars was 54 ksi. Figure 4 is a stress-strain curve 
for the 1/4-in. plain bars, and Fig. 5 shows the curve for the deformed bars. 
The mechanical properties of the steels used for the beam stirrups, 
and the sizes, are shown in the following table: 
Structure Size of Yield 
No. Stirrup Strength 
1 1/8 in. sCi· 37 ksi 
2 #10 'Vvire (0.135-in. Diam) 40 ksi 
3 #10 wire 40 ksi 
4 1/8 in. sCi· 48 ksi 
1/8 * 5 inc sCi· 75 ksi 
* Based on an offset strain of 0.002. 
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The column reinforcement in the flat plate and the first flat slab 
(Test Structures No. 1 and 2) was of the same 1/4-in. plain round bars used in 
the beams, and had a yield stress of 50 ksi. The remaining three structures 
had No.3 deformed bars for column reinforcement, and the yield strength of 
these bars was 55 ksi. 
(d) Columns 
As noted previously, the columns were pin-ended and extended only 
below the test slab. Each column was e~uipped with a 3/4-in. thick steel base 
plate which was drilled on the lower side to fit the polished steel ball on the 
tripod dynamometer. Short steel dowel rods were welded to the top of the base 
plates to insure transfer of stresses and shears from the column to the base 
plates. 
The column sizes and heights are shown in the following table. The 
height given is the distance from the center of the support ball to the top 
of the slab. 
Structure Interior Column Edge Column Corner Column Height 
No. in. x in. in. x in. in. x in. in. 
1 6 x 6 6 x 4 4 x 4 11-1/4 
2 3-3/4 x 3-3/ 4 5 x 3-1/2 3-1/2 x 3-1/2 22-1/4 
3 6 x 6 6 x 4 4 x 4 16-5/8 
4 6 x 6 6 x 4 4 x 4 13-7/8 
5 3-3/4 x 3-3/4 5 x 3-1/2 3-1/2 x 3-1/2 22-1/4 
In each slab the long sides of the edge columns were parallel to the 
edge of the structure. 
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The column reinforcement used in the various test structures is 
tabulated below. 
Structure Interior Column Edge Column Corner Column 
No. 
1 8-#2 10-#2 12-#2 
2 6-#2 4-#2 8-#2 
3 8-#3 6-#3 4-#3 
4 8~3 6-#3 4-#3 
5 8-#3 6-#3 ~~ 
The arrangement of both the longitudinal and transverse reinforcement 
in the columns of the test structures is shown in Figs. 11, 17, 21, 28, and 33. 
(e) Flat Plate 
The prototype flat plate structure was designed by the engineering 
firm of DiStasio and van Buren for a live load of 70 psf and a dead load of 
85 psf. In the prototype, the story height was 10 ft. 
The layout of the test structure is shown in Fig. 6. The slab of 
the test structure was 1-3/4 in. thick. Two of the spandrel beams were deep 
and rather narrow, 5-1/4 by 2 in., and the other two were shallow and wide, 
2-3/4 by 4 in. The beams were arranged so that the structure was symmetrical 
about one diagonal. Cross sections of the structure showing the deep and 
shallow beams are in Fig. 7. 
The arrangement of the positive moment reinforcement is shown in 
Fig. 8 and that of the negative moment reinforcement in Fig. 9. The layout 
of the longitudinal and transverse reinforcement in the beams is given in 
Fig. 10, and the same information for the columns in Fig. 11. A photograph 
of the flat plate test structure is shown in Fig. 12. 
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(f) Flat Slabs 
The original design of the flat ,slab prototype structure was prepared 
by the New York City engineering firm of DiStasio and van Buren. The design 
live load was 200 psf, and the dead load B5 psf. The story height was 12 ft 
in the prototype structure. 
In all external features the two flat slab test structures were 
identical, only the reinforcement being different for the two structures. The 
slab sections of the first slab (Test Structure, No.2) were reinforced with 
liB-in. square bars, and beams with 1/4-in. plain round bars. The second flat 
slab (Test Structure No.5) was reinforced with welded wire fabric in the slab 
sections and with 1/4-in. deformed round bars in the beams. 
The over-all layout of the flat slabs is shown in Fig. 13. The slab 
thickness was 1-3/4 in., and the drop panels, measuring 20 by 20 in. at the 
interior columns, were 2-1/2 in. thick. The drop panels at the edge columns 
were 10 by 20 in. As in the flat plate, there were two deep and two shallow 
spandrel beams. The deep beams were 2 by 6 in., and the shallow beams 4-1/2 
by 2-1/2 in. The beams are shown in the cross sections shown in Fig. 7. The 
beam reinforcement for both structures is shown in Fig. 14. 
The placement of the liB-in. square bars used as slab reinforcement 
in the first flat slab is shown in Figs. 15 and 16. The positive moment re-
inforcement is shown in Fig. 15 and the negative in Fig. 16. The column 
reinforcement is shown in Fig. 17. Figure IB is a photograph of the first 
flat slab. 
The locations and make-up of the welded wire mats which were used 
for reinforcement of the positive moment sections of the second flat slab are 
shown in Figs. 19, and those of the negative moment sections are shown in 
Fig. 20. Figure 21 shows the column reinforcement. A photograph of the second 
flat slab is shown in Fig. 22. 
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(g) Two-Way Slab with Flexible Beams 
The two-way slab with flexible beams was designed directly as a small 
structure. The design live load was 70 psf, and the design dead load, for a 
full-sized "prototype" structure, was 75 psf. The beam stiffness was chosen in 
order that, as closely as possible, half of the total moment at working load 
levels would be taken by the beams and half by the slab sections. Since the 
yield stresses of the beam and slab reinforcement were only slightly different, 
the same distribution of moments was to exist at the failure load. 
An over-all plan view of the slab is shown in Fig. 23. The slab 
was 1-1/2 in. thick, and all of the beams, both interior and spandrel, were 
3 by 3 in. A cross section of the slab and beams is depicted in Fig. 24. The 
placement of the positive moment reinforcement in the slab is shown in Fig. 25, 
and that of the negative moment reinforcement in Fig. 26. The layout of the 
beam reinforcement is in Fig. 27, and that of the column in Fig. 28. A 
photograph of the two-way slab with flexible beams is shown in Fig. 29. 
(h) Typical Two-Way Slab 
The prototype two-way floor slab design was prepared by the 
engineering firm of Baul Rogers and Associates, Chicago. The design live load 
was 70 psf, and the dead load 75 psf. The prototype story height was 8 ft. 
The layout of this structure is identical with that of the two-way 
slab with flexible beams, as shown in Fig. 23. The slab was likewise 1-1/2 in. 
thick. The beams, however" were somewhat deeper. The spandrel beams were 3 in. 
wide by 4-1/4 in. deep, and the interior beams were 3 by 5 in. Figure 24 shows 
a cross section of the slab and beam sections. 
The arrangement of the positive moment reinforcement in the slabs is 
shown in Fig. 30, the negative moment reinforcement in Fig. 31, the transverse 
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and longitudinal beam reinforcement in Fig. 32, and the column reinforcement 
in Fig. 33. Figure 34 is a photograph of the typical two-way slab test 
structure 0 
3.3 Instrumentation 
(a) General Comments 
In this section the common factors of the instrumentation used on 
the five test structures will be discussed, and in the following subsections 
the specific features of the instrumentation of each structure will be examined. 
Strains in the reinforcement were measured with SR-4 electrical 
resistance strain gages. In Test Structure Nos. 1 to 4, the gages were applied 
to the steel after the concrete had been cast and cured. At each location 
where a gage was to be located, the reinforcement was polished before being 
placed in the forms, and then a cork block was attached by tY'ing with soft iron 
wire. The thicknesses of the 1/2 by 2 in. cork blocks corresponded to the 
required concrete cover over the reinforcement. After the concrete had cured 
and the forms were removed, the cork blocks were dug out and, after final 
polishing, the gages were mounted on the steelo Duco Cement was used for 
mounting gages on Structures 1 and 2, and Eastman 9-10 Cement was used on 
Structures 3 and 4. 
Because of the smaller sizes of the reinforcement, and the fact that 
it was round, the strain gages for Structure No. 5 were applied to the reinforce-
ment before the concrete was cast. The gages were mounted with Eastman 9-10 
Cement, and the lead wires attached. Then the gages were coated with an epoxy 
resin compound. After this had cured, they were covered with paraffin waxo As 
the reinforcing mats were placed in the forms, the strain gage leads were led 
through holes drilled in the form-work. 
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Strains in the concrete were measured in all but the flat plate 
structure. The surface of the concrete was clean~d with a power grinder, and 
SR-4 gages were then applied using Eastman 9-10 Cement. 
A portable strain indicator was used to measure the strains. During 
the tests of the flat plate structure, the indicator was balanced manually, but 
for the later tests the indicator was balanced semiautomatically by an external 
servomechanism linked mechanically to the indicator. The servomechanism was 
a Leeds and No~ T,ype G Speedomax. The servomechanism was wired to sense 
the deflection of the strain indicator dial and then drive the slide-wire of 
the indicator until the dial deflection was reduced to zero. The coarse 
balancing using the step-switches on the strain indicator was done manually. 
The strain data from the indicator were read into an analog-to-
decimal converter unit (Benson-Lehner Decimal Converter). The output from the 
converter were led into an IBM card punch unit and into an automatic typewriter. 
The strain data were reduced (including the computation of the column reaction 
components), and tabulated by means of the IBM e~uipment of the University of 
Illinois Statistical Service Unit. 
The applied loads were measured with two different sets of dyna-
mometers. During the testing of the flat plate and the first flat slab the 
small wide-flange beams that formed the top cross-piece of the load distribu-
tion system served as the ~namometerso A pair of strain gages were mounted 
on both the top and bottom flanges. When these gages were wired as a four-arm 
bridge measuring circuit, the resultant dynamometer had a sensitivity of about 
90 lbs per dial division on the portable strain indicator. Ninety lbs 
corresponds to about four psf applied load on the slab. 
A second, more sensitive set of dynamometers was constructed for use 
during the load tests of the last three structures. The sensory element of 
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these dynamometers was a ring of T-l steel which was loaded perpendicular to 
the plane of the ring. The ring had a mean radius of 4.00 in., and the cross 
section was 0.60 in. wide by 00625 in. deep. The load was applied to the ring 
through polished steel balls 10cB,ted at the third points of the ring on one 
side and at the intermediate third voints on the opposite side. A drawing of 
the dynamometer is shown in Fig. 350 SR-4 gages were mounted at 12 locations 
on the ring, one gage directly opposite each steel ball and one gage as close 
to each ball seat as it was practical to mount it. The gages were connected 
as a four-arm bridge measuring circuit. Thus each arm of the bridge consisted 
of three gages wired in series. For instance, one arm was made of the three 
gages which were opposite the steel balls on the top surface of the ring. The 
sensitivity of these dynamometers was about 22 lbs per dial division deflection 
on the strain indicatoru This corresponds to about one psf applied load. The 
capacity of the dynamometers was about 12 kipsu 
The vertical and two horizontal components of the column reactions 
were measured by means of specially constructed tripod dynamometers. Electrical 
strain gages were mounted on each leg of the tripod. These tripods were then 
calibrated as described earlier (4,5) by loading in three known directions and 
then solving the rna trix of strains for cal ibration constants 0 After this was 
done, it was only necessary to measure the strain in each leg of the tripod, 
multiply each strain reading by the proper constant and add the results 
indicated by each individual leg to get the column reaction. The dynamometers 
were sensitive to plus or minus 30 lbs for the vertical component of the 
reaction and to within plus .or minus 20 lbs for each of the horizontal com-
ponents. A photograph of one of the tripod dynamometers is shown in Figo 360 
Each of the strain gages, each of the 18 load dynamometers, and each 
leg of the reaction dynamometers were connected to separate contact points of 
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a large switch panel, which was in turn connected to the strain indicator. The 
switch panel also had provisions for connecting the proper dummy gage to the 
active gage circuit which was being read. In addition, a number of check gages 
mounted on unstressed blocks of steel were connected to the switch panel. These 
gages were read to give the magnitude and direction of any electrical drift that 
occurred during the course of one test. The switch panel and strain indicator 
assembly may be seen in the photograph of Fig. 18. 
The load (trnamometer readings .. were recorded manually before and after 
each load increment of each test. All other strain data were recorded auto-
matically. 
Deflections were measured at 33 locations on each of the five test 
structures, using O.OOl-in. dial gages. One dial gage was located at the 
center of each panel, at the center of each spandrel beam, and at the center of 
each interior beam or interior column strip. The locations of these gages are 
shown in Fig. 37. 
In the tests to failure of all but the flat plate structure, 
torsional rotations of several beams were measured by using pairs of O.OOl-in. 
dial gages at the centers and-ends of the beams. 
The deflection dial gages were read and the data recorded and 
reduced manually. 
(b) Strain Gages in the Flat Plate 
The flat plate had only one line of symmetry--the diagonal from the 
northwest corner to the southeast corner of the slab--and for this reason at 
least half of the structure had to be instrumented. Six panels were fully 
instrumented, and the remaining three had gages at the expected points of 
maximum stress. 
-30-
A total of 294 strain gages were used to measure strains in the 
reinforcement. Type A12 SR-4 gages were used on the lower surface of the 
structure, and T,ype A7-4 SR-4 gages were used on the top. 
The locations and. designations of the strain gages on the lower 
surface of the structure are shown in Fig. 38. In the fully instrumented 
panels seven gages were placed across the centerlines of the panel. 
Figure 39 shows the locations of all of the strain gages on the top 
of the slab which were placed across the column lines and on the beam rein-
forcement. The locations and designations of the strain gages located around 
the tops of the interior columns are shown in Fig. 40. 
(c) Strain Gages in the Flat Slabs 
The placement of the strain gages on the reinforcement of the two 
flat slabs was identical 0 In the first flat slab, T,ype A12 SR-4 electrical 
strain gages were used on the lower surface, and Type A7-4 SR-4 gages were 
used on the upper surface, and on the beam steel, A total of 335 gages were 
used on the reinforcement and 10 add.i tional gages (Type A3, SR-4) were applied 
to the concrete near column 6 on the lower surface of the slab before the 
test of failure. The locations and designations of the strain gages on the 
lower surface of the slab are shown in Fig. 41, and those on the upper surf~ce 
except those around the interior column heads are shown in Figo 420 The strain 
gage locations near the interior column heads on the upper surface of the slab 
are marked in Figo 430 
Type A 7 -4 SR-4 gages were used throughout on the reinforcement of 
the second flat slab. In addition to the gages on the reinforcement 30 gages 
were mounted on the concrete during the tests of the second flat slab. The 
locations of the concrete gages (all Type A3 SR-4 gages) on both flat slab 
test structures are shown in Fig. 44. 
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(d) Strain Gages in the Two-Way Slab with Flexible Beams 
The strain gage locations and designations in the slab portions of 
both of the two-way slab test structures were exactly the same, and for this 
reason the same figures will be used to identify them. A total of 309 Type 
A12 SR-4 strain gages were used on the reinforcement, and 54 TypeA3 SR-4 
gages were applied to the concrete. The locations of the gages on the lower 
surface of the slab portions of the structure are shown in Fig. 45, and those 
on the upper surface in Fig. 46. 
The general arrangement of the strain gages on the beam reinforce-
ment was the same for the two two-way slab structures, with the differences 
being dictated by the number of bars present in various critical sections. 
The beam strain gages locations were as depicted in Fig. 47. The locations 
of the strain gages on the concrete, 26 on the upper surface and 2@ on the 
lower, are shown in Fig. 48. 
(e) Strain Gages in the Typical Two-Way Slab 
A total of 315 TypeA12 SR-4 strain gages were mounted on the 
reinforcement of the conventional two-way slab, and 26 Type A3 SR-4 gages were 
mounted on the concrete. The locations and designations of the strain gages 
on the lower surface of the slab portions of the structure are those shown in 
Fig. 45. The same information about the gages on the upper surface is con-
tained in Fig. 46. The beam gage locations, nearly identical to those for the 
modified two-way slab, are shown in Fig. 49. The locations and designations 
of the strain gages on the concrete are the same as those for the gages on the 
top surface of the modified two-way slab as shown in Fig. 48. 
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3.4 Loading E~uipment and Test Procedure 
(a) Loading Frame and Reaction Piers 
The 16 reaction piers were concrete blocks lS in. s~uare and 5 ft 
high. These piers were tied together at the top by steel cast in the concrete 
to resist overturning forces (Fig. 50). 
The loading frame was made of three steel bents which crossed the 
slab in the north-south direction. The verticals of the frames were 10-in. WF 
columns) and the cross beams were pairs of lS-in. channel sections) to which 
the loading jacks were bolted. The verticals were bolted to floor beams on 
each side of the test set-up and the floor beams were in turn bolted to the 
floor of the laboratory. An elevation view of the reaction and loading frames 
is shown in Fig. 50. The frames are also shown in the photographs of Figs. 12 
and 34. 
(b) Load Distribution System 
The load on each panel was applied by one jack and distributed 
e~ually to 16 loading pads by means of a pyramidal system of bars. A view of 
this system is shown in Fig. 51. 
The lowest part of the system was an S by S by 3/4-in. thick steel 
plate resting on a 3/S-in. gray sponge rubber pad. The rubber pad distributed 
the load) and was flexible enough to prevent any significant lateral forces 
from being transmitted to the slab. 
On top of each four of the loading plates there was an H-frame made 
of small bar stock. One end piece of the H-frame was welded to the cross piece 
and the other was hinged, in order to provide a stable statically determinate 
system. A one-inch steel ball provided the connection between the H-frame and 
the loading pads as each point was socketed to take the ball. 
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The top layer of the system was a larger H-frame which rested on the 
centers of the smaller H-frames, again transmitting load through steel balls. 
The cross bar of the large frame was a 5-in. WF beam, and the end pieces were 
solid bar stock. Again, one bar was welded and the other hinged. The center 
of the top flange of the cross piece was reinforced with a plate which was 
drilled to retain the one-inch ball on which the load jack bore. 
The WF-beam that formed the center piece of the upper H-frame was 
the beam which was instrumented to act as a load measuring dynamometer as 
described in Sec. 3.3. 
(c) HYdraulic System 
The basic parts of the hydraulic system were the nine 20-ton capacity 
jacks and an electric pump. The jacks were bolted to the reaction frames 
directly over the centers of the panels and the hydraulic fluid lines were led 
to a control manifold located over the center panel of the structure. 
Each of the lines from the control manifold had its own valve, so 
any combination of panels could be loaded. The input line for the manifold led 
over the edge of the slab to the pump. The pump was located on the floor of 
the laboratory. There was an oil pressure gage in the line but it was read 
merely as a check. The loading was monitored by one of the electrical dyna-
mometers rather than by oil pressure. 
(d) Test Procedure 
In each of the tests the load was applied in several increments, 
the number of increments depending on the maximum level of loading desired, 
the previous loading history and the expected behavior of the test slab. 
The first step of each test was to read the deflections and strains 
before the application of any load. The electrical measurements were taken 
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in the following se~uence: (a) the load dynamometers were read and recorded 
manually) (b) the check gages) all of the strain gages) the reaction 
dynamometer gages and finally the same check gages were read and recorded 
automatically) and (c) the load dynamometers were read again. This procedure 
varied slightly for the various test structures. The deflection dial gages 
were read while the strain readings were being taken. 
The first increment of applied load was then applied with the jacks. 
The proper valves at the hydraulic control manifold were opened and the load 
applied. One of the load dynamometers was monitored continuously during the 
loading. Then the above se~uence of readings was carried out again after the 
oil pressure and time had been noted in the test log. In addition, the 
deflections of the cen-cers of the loaded panels were read a second time just 
as the last few strain gages were being read. 
If the applied load or loading pattern was expected to cause moments 
higher than previously o~tained) the slab was examined for cracks. Cracks 
found were marked in pencil) and the number and increment of the test noted 
beside the crack. Seven-power magnifying lenses were used in looking for 
crecks. 
The loading process was repeated until the maximum load for the test 
was reached. After the readings at the maximum load had been finished, the 
structure was unloaded and zero load readings were taken. In test structures 
Noo 2 through 5) the structure was then reloaded in one increment to the 
maximum load level reached before, and the strains and deflections again 
recorded. Then the slab was again unloaded and the final zero load readings 
taken. 
4. ANALYTICAL SOLUTIONS 13A.SED ON EIASTICITY 
4.1 Introduction 
In this chapter the various methods used to derive analytical 
solutions to elastic plate problems are briefly described. These methods 
include: (a) the "exact" solutions, generall.y involving infinite series solu-
tions or the use of po~nomial expressions, (b) difference equation solutions, 
(c) moment distribution methods, and (d) elastic models 
The aim of each of these methods is the solution to some minimum 
required precision of the Lagrange differential equation fot plates, which 
may be stated as follows: 
where w = deflected shape of the plate, 
q = the loading imposed on the plate, 
N the plate stiffness, as given by the expression 
2 ' l2(1-~ ) 
t = plate thickness, 
E the modulus of elasticity, and 
~ = Poisson's ratio. 
(4.1) 
rhe-derivation of Eq. 4.1 from the conditions of equilibrium.and compatibility 
may be found in Ref. 11 or 19.~ 
In addition to the equilibrium and compatibility conditions imposed 
on the solutions, the edge conditions of deflection and ·rotation (or reaction 
and moment l) of the physical model must be satisfied. 
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Once the deflected shape of the plate surface has been determined, 
the moments and shears developed in the plate may be determined from the proper 
combinations of partial derivatives of thp deflection function as shown in 
references 11 and 19. 
The fundamental differential equation was first suggested in 1811 
by Lagrange, but was not derived on the basis of intelligible principles until 
1829 by Poisson. In the meantime, in 1820, Navier presented the first known 
solution of the equation. This solution utilized a doubly-infinite sine series 
to !epresent the shape of the deformed plate. A history of the development of 
solutio~s of various plate problems is given in the paper by Westergaard and 
Slater (11). 
4.2 Exact Solutions 
Several early solutioll..;;., such as the one by Navier for the case of 
the s~ply supported rectangular plate and one by Lavoinne (20) ~or the 
equivalent of an interior panel of a flat slab of infinite extent had the form 
of doubly-infinite Fourier series, and may be expressed as follows: 
where 
q C 
m !1 
A 
mr: 
~n l'!l1tX ;in ~ 
a b i ti-. 2) 
C is a constant dependent on the spans and the plate properti~s, 
A is dependent on the ratio of sides, the loading, the particular 
ron 
values of m and n, and the boundary conditions, and a and b 
are the spans in the two perpendicular directions. 
Later Levy (21) presented a solution for the more genera..' case of a 
plate with two opposite edges simply supported and the other two su~por~ed in 
any arbitrary manner. The resultant solution may be expressed in the following 
form: 
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y sin m_1tx_ 
m a 
m=1,2,; .. o· 
where Y is a hyperbolic function dependent on m, the ratio of sides, the 
m 
(4.;) 
loading, and the arbitrary support conditions, M.is a finite, 
positive integer, and a is the simplY supported span length. 
A number of other series, such as Bessel functions, were used to 
evaluate various particular cases of support and loading conditions. 
A somewhat different class of solutions was suggested by Ritz (22) 
based on the concept that the total energy of the deformed plate is at a 
minimum when equilibrium exists. If a sine series is used to represent the 
deflected shape of a simply supported rectangular plate, and the coefficients 
of the terms are then minimized, a solution which is identical to the Navier 
solution results. However, a more general series of the following form may be 
used, 
(4.4) 
where a l , a2, etc., are arbitrary constants, and fi(x,y), f 2 (x,y), etc., are 
different functions of x and y which satisfY the boundary conditions of the 
problem. 
In investigating the distribution of moments in plates supported on 
flexible beams, Sutherland, Goodman and Newmark (23) used the Ritz approach 
for the solution of the problem of an interior panel which was continuous with 
similar panels on all sides. The edge conditions are such that there is 
deflection, but no rotation, and terms of the for.m shown here were used to 
represent the deflected shape. S-functions as derived by W. J. Duncan (24) in 
connection with an investigation of fixed-ended beams were used.to represent 
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the deflected shape of the plate. The gener,al expression for·the S-fUnction 
is as ·follows: 
where £ ::;: ~ , a dimensionl~ss 'parameter, 
m ::;: any. positive integer and 
a ::;: the span in the x direction. 
The final deflection function derived by Sutherland, Goodman and 
Ne.wmark was stated in the form 
where 
• • 00. 
w 4 ::;: 
q a N. 
I I CXmn Sm(~) Sn(lJ) + I t3mSm(~) + I i'n Sn(IJ), ( 4..6) 
mn m n 
Clmn ' f:'m' a.nd r.n-were coefficients to be·determined so that the tot~l 
potential energy of the plate was am1n1mum, 
T) ::;: Y /b, So dimen_s ionle:s s--parameter , 
n ::;: aQY positive integer, and 
b ::;: the span in the y direction. 
In the above expression, the second and third terms are introduced 
to take into account the deflections of the supporting beams spanning in the 
x and y directions, respectively. 
While the method in general is. approximate, the ~egree of approxima-
tion of the true elastic moments can be improved by taking additional terms in 
the series and evaluating ,the coefficients. In the investigation cited above, 
the nine terms corresponding to 8.11 combinations of m and n from ,1 to 3 we're 
e~luated., For the specialca.se' of a sq~re panel with rigid supports, the 
value ·of maximum nega.t1v~ moment obta1nert'W8.s 0 .. 2 percent greater than that 
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given for the same case by Timoshenko (19). If greater accuracy were needed, 
it would only.be necessary to evaluate more terms. 
A large number of combinations of beam stiffnesses were investigated 
for three different shaped panels. The ratios of sides of the panels were 1.0, 
0.8, and 0.5. It was found that the series solution reduced to an exact 
solution for the special case in which the product Ha Hb = 1.0. Ha and Hb are 
the parameters which define the stiffnesses of the beams in the x and y direc-
tions, respectively, with respect to that of the plate which they support, and 
are defined as 
H E I IbN and 
a a a 
Hb ~~/aN (See Fig. 52 for panel layout.) 
In all cases the moments were evaluated for Poisson's ratio e~ual to zero. In 
addition to being contained in the original reference, most of the moment 
values obtained have also been reported by Appleton (25). 
Lack of suitable polynomial expressions places some limitations on 
the usefulness of this method. The deflection function must be substituted 
into the e~uation for the total potential energy of the plate. Then the partial 
derivatives of the energy expression with respect to each of the coefficients 
are set equal to zero. This results in an infinite set of linear simultaneous 
e~uations which define the coefficients. Approximate answers are obtained by 
solving limited numbers of the e~uations, with the approximation improving as 
the number of e~uations considered is increased. 
Convergence is controlled partially by how well the individual terms 
of the series approximate the shape of the deflected plate. The poorer the 
agreement between the functions and the true shape, the more terms must be 
evaluated in order to obtain a given degree of precision in the results. 
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S. J. Fuchs (26) investigated the distribution o'f moments and forces 
in plates supported by beams, and derived a method for the consideration of 
any combination of flexural and torsional stiffnesses of the supporting members. 
In the cited work, only the case of supports of finite flexural stiffness and 
zero torsional stiffness was considered in detail, but the solution is general 
and exact. An extension of the Levy solution was utilized leading to 
w 
4 
a 
N 
00 
I (A2m costay + B2m ay sinh ay) cosax 
m 
00 
(Alm cosh ~x + Blm~x sirih~x) cos~y 
.. m 
where Alm, A2m , Blm, B2m , ~, k2' and kO are arbitrary constants to be 
evaluated, 
a = mn/a, 
~ = mn/b, 
~ = a particular solution of the general differential e~uation, and 
a and b are the span lengths in the x and y directions, respectively. 
Fuchs completed numerical evaluations of the moments and shears in a 
s~uare panel supported by beams having zero torsional stiffness. For the 
particular case of flexurally rigid supports, the solution checked that of 
Navier. Fuchs also found that when the ratio of beam to plate stiffness 
(1_u)2 
2. (since there was a plate on only one side of the beam, the 
stiffness corresponded to H = (1_~)2 where there were plates on both sides of 
the beam) the solution reduced to a simple, closed-form solution. Fuchs also 
tested two small elastic models which will be described in Sec. 4.5 in order 
to verifY the solution 0 
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The simple, closed-form solutions derived by Sutherland and Fuchs are 
of special interest since it was. found that both represent cases in which the 
bending moments are distributed uniformly across the plate and that the load 
applied by the plate to the supporting beams is distributed uniformly along 
the length of the beams. Furthermore, for Poisson's ratio equal to zero, there 
were no twisting moments at any point within the plate. It maybe observed 
that the case with no twisting moment is what is analyzed when a plate is 
replaced with a system of crossing beams. However, the division of the load 
between the strips in the two directions based on the crossing-beam analogy is 
not correct for rectangular panels unless proper consideration is given to the 
deflections of the "supportslf of the crossing-beams. 
Since the moments are distributed uniformly across the width of the 
panel, the curvatures must be distributed similarly. This means that the 
shapes of any two adjacent strips of the plate (parallel to the boundaries) 
must have exactly the same shape, although there may be a slight vertical 
displacement. 
A solution for a single simply-supported panel somewhat similar to 
the one by Fuchs for the case with no twisting moments was also derived by 
Wood (17)) for PoissonYs ratio equal to zero. Wood also found a twist-free 
case for continuous plates of the same form as that found by Sutherland. The 
development of the solution, however, was somewhat different as Wood discovered 
the condition while working with difference equations, and then went on to 
develop the closed form solution directly and prove that it satisfied the 
governing differential equations. The only limitation on the beam stiffnesses 
for Wood's simply-supported panel was that HaHb = 1/4. As in the analysis by 
Sutherland, the twist-free case for the continuous slab required that 
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The moments per unit in width of slab in the simply-supported panel, 
for Poisson's ratio equal to zero, may be expressed in the following form: 
=3, 1 2 M (ax - x ), 
x 2 1 + 2H a 
2H 2 M 3, a (by - y ). (4.8) y 21.+ 2H 
a 
For a panel which is continuous on all sides with similar panels 
and for Poisson's ratio equal to zero, the unit moments may be expressed as: 
~ 1 2 2 M (6ax - 6x - a ) 
x 12 1 + H a 
H 2 2 M ~ a (6by - 6y - b ). (4.9) 
Y 12 1 + H a 
In each case the fraction involving the stiffness ratio H represents 
a 
the portion of the total load carried by the slab strips in the direction 
considered. 
The exact analytical procedures, though difficult in formulation, are 
important because they provide the landmarks for evaluation of the approximate 
methods. However, it is the ve~ difficulty of application of the exact theo~ 
that has caused the development of the various approximate procedures of plate 
analysis. 
There are several factors which make the application of the exact 
elastic theo~ to slab-beam-column structures difficult. These factors arise 
from the inability to consider sufficient variables. Deflecting beams can be 
considered, as shown previously, but a satisfacto~ solution is still lacking 
for the problem of supporting beams that have finite torsional stiffnesses, 
and the case is important since few simply-supported edges have ever been 
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constructed, and ~ew completely built-in edges exist. Furthermore, while the 
beams and colUmns .of real structures have widths and thicknesses, the beams 
and columns Q1 the analyses, a.re of zero width. 
Similarly, it is not possihle to consider what part of the slab migh..t 
·act with the beam as a T-beam flange during bending. The beams considered in 
the analyses are such that there are no horizontal shearing forces between the 
plate and beam, or what is the same, the levels of the neutral axes of the two 
members coincide. In all of the exact analyses, the columns have been con-· 
sidered to have either infinite or zero stiffness. Since neither case is 
typical of monolithic concrete construction, this is a serious weakness of 
the analyses. It should be evident that the column stiffness may have a large 
effect on the distribution of moments in the structure, especially at tPe 
edges or under nonsymmetrical l~ding conditions. 
Another problem has to do with mathematical methods. As the deflected 
forms of the structures become more complex when more variables are considered, 
it becomes harder to discover suitable series of functions to represent the 
deflected shape, and as the approximation of the shape by each term of the 
series becomes less satisfactory, convergence problems develop even if the 
problem can be formulated for solution. 
4.3 Solutions Based on Difference Equations 
Difference equations present an extremely versatile method of 
obtaining approximate solu~ions to many types of plate problems. The method 
is able to handle, to the precision desired, any combination of plate and 
beam configurations subjected to any arQitrary loading. Instead of satis~ing 
the requirements of.. equilibrium and compatibility at every point within the 
plate or beam, the method of difference equations (or finite differences) 
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satisfies these conditions at only a finite number of points. However, the 
approximation can be improved as needed by considering additional points. 
The process of satisfYing the equilibrium conditions of each of n 
points in the plate results in a set of ~ linear, algebraic equations which 
are written in terms of the deflections of each of the points considered. The 
set of equations is then solved to give the deflection of each point, and the 
moments and shears in the plate may be obtained by consideration of the 
relative deflections of adjacent pivotal points. 
The algebraic relationships required for the use of the difference 
equation method of solution may be derived either directly from the gove~ing 
differential equations for the plate (or beam) as is done by Timoshenko (19), 
or they may be derived from a physical model analog of the structure, such as 
has been developed by Newmark (27). The basic difference equation operators 
for a plate and for a beam are shown in Fig. 53. These operators are applied 
to successive pOints of the structure, where the structure has been divided 
into square grids (or panel lengths for the case of beams). The grid sizes 
are such that an integer number of panel lengths, each h in length, is equal 
to the span. 
Each pivotal point requires one equation, so that one limitation on 
the method is imposed by the limitations on the number of equations that may be 
solved. At the present time 143 equations may be solved by use of the Illiac 
Computer of the University of Illinois, and presumably more equations may be 
solved when the larger computer under construction at the present time is 
completed. However, this is still a limitation if complex structures are to be 
analyzed. It is necessary to take advantage of symmetry where ever possible, 
and frequently to limit the investigation to symmetrical loading conditions 
because of the large number of equations involved. 
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When the investigations are limited to single panels, such as 
interior panels or isolated panels, the grid of pivotal points maybe made 
quite fine so that the exact variation of moment or shear may be determined. 
This has been done to determine the effect of column capital size and stiff-
ness (28,29), for instance, on the moments in a panel. This could also be done 
to determine the effects of a finite beam width, but at the present time it 
would be impossible to solve the required number of equations. 
The strength of the method as a means of analysis lies in the fact 
that nearly any combination of conditions may be handled, including deflecting 
supports, beams with finite torsional stiffnesses, columns with finite stiff-
nesses, and loading in any desired pattern. 
4.4 Solutions Based on Moment Distribution 
In this section two methods of moment distribution for slab-and-beam 
structures will be described briefly. Both methods are analogous to the Cross 
moment distribution for frames, but the complexity of the three-dimensional 
structures to be considered requires some approximations that are usually not 
necessary when analyzing frames. 
An approximate moment distribution process has been developed by 
Siess and Newmark (30) for slabs supported on beams of infinite flexural stiff-
ness but having finite torsional stiffnesses. Approximate values of carry-over 
factors, stiffnesses and positive moment correction values were developed from 
elastic plate analyses. The fixed-end moments for each of the panels of the 
slab structure are applied to the structure, the edges with unbalanced moments 
are released and allowed to rotate, and then portions of the balancing moments 
are carried over to adjacent panel borders. After the edge moments are balanced, 
the positive moments are computed by taking the positive moments for a 
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simply-supported plate and applying approximate corrections to take into 
account the negative moments on each of the panel edges. 
The moments which are considered in this analysis are the total 
section moments, and the distribution of the moments along the section is not 
considered. This is not too serious, since in most reinforced concrete con-
struction the reinforcement is distributed uniformly along the sections. 
The positive moment correction values are such that the positive 
moments in all cases for which independent elastic analyses were available 
were slightly larger than the elastic values 0 The negative moment values were 
very close to the same values as found by more exact methods of analysis. 
A second type of moment distribution procedure has been developed 
by Ang (31). When this procedure is utilized, the stiffness and carry-over 
constants for both unit deflections and rotations for each of 20 points along 
each edge of the panel are determined by means of difference equation solutions, 
considering a 20-by-20 grid. The fixed-end moments and reactions for non-
deflecting supports are also determined, taking into account the column size, 
although the beams are considered to be of zero width. 
After the fixed-end moments and shears have been determi.ned, these 
forces are applied to the structure, but with the edges of the panels locked 
against deflection or rotation. Then each of the boundary point.e is released 
and allowed to reach equilibrium" and relocked. The moments and shears t.o be 
carried over to surrounding points are then computed" and applied to the struc-
ture, and the balancing repeated. The process of balancing and carrying over 
to the adjacent points is continued until the unbalanced moments reach some 
limiting size, and the positive moments a.re then computed using the correction 
factors computed when the carry-over factors were developed. 
Although this system of analysis requires the use of a mediurrl sized 
computer such as the Illiac, it represents a powerful tool for the analysis 
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of fairly complex stTuctural systems. A number of nine-panel slab structures 
have been analyzed for various combinations of torsional and flexural stiff-
nesses of the supporting members. These analyses have been reported by 
Ang (31), Corley (28), and Morrison (32). Although the method as presently 
formulated cannot be used to consider the effects of changes of the column 
stiffness, this could be done at the expense of requiring some additional 
storage capacity in the computer. 
4.5 Solutions Based on Elastic Model Tests 
In some instances it may be advantageous to use elastic models to 
obtain the required distributions of deformations and moments. If the elastic 
properties of the material are known, the curvatures may then be related to 
the moments and the deformations may be related to the deformations of the 
prototype structure in accordance with the laws of model similitude. 
The principal a.dvantage of the use of models lies in the fact that 
extremely complex systems may be analyzed. While some of these systems could 
be analyzed by analytical methods or approximate numerical methods, the amount 
of numerical work could be prohibitive. In other cases there presently exist 
no satisfactory methods of deriving any more than an extremely rough, quali-
tative solution. 
In most cases the model is geometrically similar to the prototype 
st-ructure; the scale factor is the same for every dimension. However, geometric 
similarity, while certainly the simplest case, is not a necessity in all cases 
and different scale factors may be used in different directions. 
After a convenient scale factor has been chosen, the material of the 
model is selected. The modulus of elasticity, Poisson's ratio, and the shape 
of the stress-strain curve are all considered when making this choice. It is 
convenient to have a Poisson's ratio for the model equal to that of the material 
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to be used in the prototype. This requirement, however, is necessary only 
when Poisson's ratio enters the boundary conditions. 
Many different materials have been used for models~ (a) glass, 
(b) gypsum plaster, which may be cast into nearly any desired shape, (c) plastics, 
of which Plexiglas is a typical example, (d) metals, which may be either 
machined or cast to the desired shape, and (e) hard rubber. 
Once the model has been constructed and a method of loading devised, 
the only remaining problem is to make some sort of deformation measurements, 
and then relate the deformations to moments or forceso The simplest method of 
measurement is the use of strain gages applied to the surfaces of the model. 
For some applications this is quite satisfactory, but in others, such as the 
case where the moment (and therefore strain as well) gradient is extremely 
high) the strain gage will register an average rather than maximum deformation. 
Thus) in a slab structure) the strain gage-derived moments would be more 
reliable at the center of the span where the moment is nearly constant, than 
at the support sections where the moment gradient is quite steep. 
A rough estimate of the distribution and magni.tudes of strains could 
be obtained by using a brittle lacquer coating on the model. 
The changes in slope in the deflected surface of an elastic model 
due to the applied load may be determined by means of methods of mechanical 
interferometry of light, or Moire fringes 0 Once these slopes have been 
determined, curvatures may be determined, and using the known material prop-
erties, the curvatures related to moments" 
The application of the method of Moire fringes to the analysis of 
two-dimensional, planar structures has been outlined by Weller and Shepard (3.'3) 
and more recently by Dureli and Daniel (34). While this method may be used on 
two-dimensional structures without resorting to the methods of photography, 
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the extension of the technique to slab structures must be accomplished by 
photographic means. This process, as outlined by Ligtenberger (35), is 
essentially that of photographing the reflection of a finely ruled screen on 
the reflectorized surface of the model, loading the model by some suitable 
means, and rephotographing the screen reflection on the same film. The array 
of interference bands that appear on the resultant photograph may in turn be 
related to the slopes and curvatures of the loaded structure. 
Three dimensional photoelastic methods of stress analysis using the 
Hfrozen stress" method could also be used, although for most applications the 
labor would be prohibitive. 
A number of small elastic model tests have been reported in the 
technical literature, and a brief outline of the methods used follows:. 
Huggins and Lin (36) tested a cast aluminum flat slab model, con-
sisting of six 17-in. square panels arranged 2 by 3. The slab was 3/8 in. 
thick and was supported on columns with four-in. diameter capitals. Strains 
were measured with SR-4 electrical resistance gages, and the strains then con-
verted to moments. Load was applied to each panel individually with an air 
pressure cell and the various loading patterns considered were then constructed 
by superposition. The moments were compared with those derived from the ACI 
Code Frame Analysis for Flat Slabs (1951 Code), and it was found that the 
measured positive moments were larger than the design moments, and the negative 
moments were smaller. However, the authors had reservations about the validity 
of the negative moments because of too few gages being used at the critical 
sections, and questions about the applicability of the flexure formula near 
the column capitals. 
Bowen and S4affer (37) reported the testing of a Lucite flat plate 
model. The structure was a nine-panel slab, and had overhanging spans on all 
sides. These cantilever spans extended approximately to the theoretical lines 
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of contraflexure of an interior panel, and were loaded at the edge with a 
shearing force of such magnitude that the remainder of the panels were re-
strained as interior panels of an infinite array of panels. The columns were 
round, and there were neither capitals nor drop panels. 
The curvatures and moments were determined by a photographic process 
known commercially as the "Presan Methodo" The method was somewhat similar to 
the Moire fringe method in the techni~ue of taking the data, but not in the 
techni~ue of reducing the data. 
A 25-panel flat slab structure made of Plexiglas was tested by 
Bergvall (38). In this structure, there was no columns at the edges, so 
essentially there were nine interior panels surrounded by cantilever panels. 
The panels were 26 em s~uare, and were supported on 10.4 cm diameter column 
capitals where the columns were present. 
Fuchs (26), as a step toward verifying the elastic solution he 
developed for plates supported on flexural supports, tested two single-panel 
slabs. One was a 23.4-in. s~uare plate glass panel supported on steel "beams,fI 
and the other was a 23.0-in. s~uare gypsum plaster panel in which the beams 
were cast into the plaster so that the neutra1 axis of the beam was at the 
same level as the neutral surface of the slab. Strains were measured in both 
panels, and the moments computed. Reasonably good agreement between the 
theoretical analysis and the results of the single panel tests was found. The 
author felt that part of the difference between the theoretical and experi-
mental results could be explained by the presence of some T-beam action. 
5. ELASTIC MOMENT VALUES FOR SLABS AND BEAMS 
5.1 Introductory Remarks 
In this chapter the elastic moments, as affected by several variables, 
are presented for interior, edge, and corner panels of slab structures. The 
variables considered, in addition to the location of the. panel, include (a) 
shape of panel, (b) stiffness of supporting beams in both flexure and torsion, 
(c) stiffness of the columns in flexure, and (d) loading pattern applied to 
the structure. Only structures in which all panels are the same size and shape 
are considered. 
Most of the chapter is devoted to the analysis of interior panels of 
slabs of infinite extent, with the edge and corner panels being considered in 
Sections 5.7 and 5.8, respectively. Section 5.3 covers interior panels with 
all panels loaded; and Section 5.4 considers the effects of various loading 
patterns on the moments in a structure in which the beams have no torsional 
stiffness and the columns have no bending stiffness. Section 5.5 exposes the 
effects of the torsional stiffness of the supporting beams, and Section 5.6 
investigates the effects of stiff columns on the moments in the panels. 
The total static moment in a panel must be carried by the various 
parts or sections of the panel, and the portion of the moment carried by a 
given section is controlled by the stiffness of that section relative to that 
of the remainder of the panel. In examining this distribution of the moment, 
the panel must be separated into its component parts. The first and most 
obvious division is to separate the positive and negative moment sections. 
There remains the question of distribution of the moment across the sections 
and the distribution between the slab and the beams. 
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The results of analyses are commonly presented by separating, 
mentally at least, the beam from the slab and then further subdividing the 
slab into column and middle strips and presenting moments for each section. 
The column strip may be defined as half the width of the panel or as half the 
width of the shorter span, and the strip is centered on the column line. In 
either case the middle strip constitutes the remainder of the panel width. 
These two definitions of strip widths are illustrated in Fig. 54. The moments 
are presented for both widths of strips for the case of all panels loaded. 
The moments for the partial loading patterns are separated only into slab and 
beam moments. 
It should be remembered that the subdivision of the structure into 
slab and beam is arbitrary, and not necessarily consistent with the structural 
action of the slab. When the beams are cast monolithically with the slab, the 
separation of slab and beam is especially artificial. In s~ch cases it may be 
more helpful to consider a beam strip moment comprising both the beam and the 
normal column strip moments. The beam strip moments are presented for the case 
of uniform load on all panels. 
The moments are presented in terms of the span considered, whether it 
is the longer or shorter span of the panel. This is quite satisfactory since 
in the present investigation the ratio of sides is limited to a maximum of two. 
The coefficients of the moments are presented; for the beam the moment coef-
ficient, M/qa3, is used, and for the slab and strip moments the average unit 
2 
moment in terms of M/qa is presented. Many of the moment values are shown in 
graphical form in addition to being tabulated. When presented graphically, 
the moment coefficient is plotted as the ordinate and the beam stiffness ratio 
is plotted as the abscissa to an arithmetic scale. An arithmetic scale is 
used rather than a logarithmic scale or some scale which is able to depict the 
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point of infinite beam stiffness since the arithmetic scale enables the curves 
to show that after a certain minimum beam stiffness is reached, any additional 
stiffness will affect the moments in the panel only slightly. 
The most important conclusions reached from the study of the results 
of the elastic analyses is that there are essentially only two different types 
of panels. These are: (a) the interior span panels, the interior panels and 
the span parallel to the edge of the structure in the edge panels, and (b) the 
end span panels, the corner panels and the span perpendicular to the edge of 
the structure in the edge panels. The greatest differences between the moments 
in the interior panel and the parallel span of the edge panel occur when the 
beams are flexurally rigid and have no torsional stiffness. In this case, 
however, the magnitudes of the differences are small even though the ratios 
of the moments in the edge panel to those in the interior panel may be large. 
The remainder of the discussion in this section is on the basis of either the 
interior or end span panels and is not concerned with the relatively small 
effects of the support conditions along the edges parallel to the span 
considered. 
In square interior span panels, the beam strip positive and negative 
moments are approximately 0.032 qL3 and 0.063 qL3, respectively. These moments 
are nearly independent of the stiffness of the' supporting beams. The positive 
and negative middle strip moments are about 00010 qL3 and 0<0.20 qL3 as long as 
there are beams present. 
When the column stiffness is zero, the end span positive moments 
range from 65 percent greater than the moments in a typical square interior 
* panel when H = 2.5 to 100 percent greater when H o or 0025. The interior 
* See Section 5.2 for definitions of the stiffness parameters used to describe 
the beams and columns. 
-54-
negative moments in the end panels are 15 to 25 percent greater than the 
interior panel negative moments for the same beam stiffness ratios, respectively. 
When the columns are rigid and H = 0.25 for a square panel, the end 
span positive moment in the slab is 18 percent greater than the interior panel 
moment; when H = 2.5 the end span moment is at most 10 percent larger. The 
interior negative moments in end spans are less than 10 percent greater than 
those in a typical interior panel when the columns are rigid. The variation of 
moments between the values corresponding to the cases of completely flexible 
columns and rigid columns is a nearly linear function of the value K /(1 + K ). 
c c 
If the columns are rigid and have finite cross sections, the differences be-
tween the end span moments and the interior span moments are even less than 
the differences shown above. 
The stiffness of the columns is much more important in determining 
the moments in the end span panels than is the torsional stiffness of the edge 
beams. In square panels the interior negative moments in the perpendicular 
span of the edge panels and in corner panels change by negligible amounts as 
the value of J is changed; the positive moments are increased less than 20 per-
cent by changing the value of J of the edge beam from 1.6 to 0.16. 
When the beam stiffness parameter, H, is two or greater, the slab 
, moments are insensitive to increases in H. 
The maximum moments in the slab sections of the structures are 
produced by checkerboard loading patterns when the beam stiffness ratio is 
greater than 3 or 4 if the columns have no fluxural stiffness. If the columns 
are rigid, the checkerboard loadings produce the maximum positive moments for 
stiffness ratios as low as one. 
Loading of parallel rows of panels produces the maximum moments when 
the beam stiffness parameter H is less than 3 for completely flexible columns 
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and less than 1 for rigid columns. When the columns have no flexural stiff-
ness, strip loading patterns cause increases of the positive moments of up to 
100 percent in the interior spans and 50 percent in the end spans. Rigid 
columns limit these increases to abou~ 20 to 10 percent, respectively, in square 
panels. Strip loading patterns increase the negative moments as much as 
40 percent when the columns are completely flexible. These increases are 
eliminated when the columns are rigid. 
The influence of the torsional stiffness of the supporting beams is 
much greater on the checkerboard loadings than on the strip loading patterns. 
The moments in a square interior panel with flexurally rigid beams may be 
increased about 50 percent by checkerboard loadings. If the value of the 
torsional stiffness is increased to J = 1, the increases are halved, and are 
about 25 percent. 
The increase in moments caused by checkerboard loading patterns are 
smaller in the edge and corner panels than in the interior panels since the 
restraint conditions may be changed by the partial loading patterns at fewer 
edges. In a corner panel the maximum increase caused by a checkerboard loading 
is only one-third as great as in an interior panel. 
5.2 Definitions of Stiffness Factors 
In this section the parameters which describe the flexural and 
torsional stiffnesses of the supporting beams and the flexural stiffness of 
the columns are defined. In addition to defining the parameters, the range of 
the values of these parameters to be expected in practice is examined. 
The first to be considered is beam flexural stiffness. The stiffness 
parameter H is defined as follows: 
H 
a 
EI 
a 
bN 
where 
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I = moment of inertia of beam in span ~, a 
b the perpendicular span, 
N Et
3 
the plate stiffness, = 2 , l2(1-1-L ) 
t the plate thickness, and 
I-L = Poisson's ratio, which is always taken to be zero in this 
investigation. 
Similarly, Hb = E~/aN. 
This is essentially relating the stiffness of the supporting beam to 
that of the width of panel the beam helps support. It would also be possible 
to relate the beam stiffness to the stiffness of the slab in t~e span across 
the beam, that is H = EI IaN. Both systems are advantageous for different 
a a 
uses, and both are equally valid. 
In the present investigation the beam flexural stiffness ratios in 
the two spans of a panel are always related in a definite manner. In a square 
interior panel, Ha = Hb· That is, the beams in the two directions are 
identical. For rectangular panels the EI value of the beam in the long span 
is always greater than the EI value of the beam in the short span by the ratio 
of the sides of the panel; EIa : EIb = a:b. This may be expressed in terms 
2 
of the stiffness parameter, H, as HaCb/a) = lib(a/b), or Ha = Hb(a/b) . The 
combinations of beams stiffness considered for the edge and corner panels are 
given in Sections 5.7 and 5.8, respectively. 
The range of values of H is obviously from zero to infinity, or from 
slabs with no beams to slabs supported on walls. The stiffness of the beams 
in the structures tested at the University of Illinois provide a good basis 
for examining "typical" values of H. There were two different depths of edge 
beams on the Flat Plate and Flat Slab structures (see Fig. 7). The values of 
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H were computed to be 0.25 and 1.0, respectively, for the shallow and deep 
beams. For the Two-Way Slab with Shallow Beams (Fig. 24), the computed value 
was H = 1.0, based on a T-beam cross section. The beams of the Typical Two-
Way Slab are believed to represent about the upper limit of beam stiffness for 
normal structures. For the interior beams H was about 4, and about 2 for the 
spandrel beams. 
It should be noted, however, that a rolled steel beam could be used 
instead of the monolithically cast concrete beam. Several wide-flange sections 
were selected to satisfy the beam design moment for the interior beam of the 
typical two-way slab, and the H values ranged from about 0.75 to 1.0. This is 
a much lower stiffness than is found for a concrete beam of the same moment 
capacity. 
The moments of inertia used in computing H were on the basis of the 
uncracked, gross moment of inertia of the beam and slab cross sections, The 
computed values of H would have been slightly higher if transformed sections, 
or if the cracked section moments of inertia had been used since the beams 
always had higher reinforcement ratios than the slabs. 
The beam torsional stiffness is of importance only when the panels 
on the two s ides of a bea.il1 are unequally loaded or are of different sizes and 
the ends of the beams are restrained in some manner against torsional rotation, 
since it is only in such cases that torques will be set up in the beamso 
The torsional stiffness of the beam relative to the flexural 
stiffness of the slab is defined as: 
GC 
J a 
- aN 
where G shear modulus of elasticity, 
C torsional stiffness constant of the beam in the a direction, and 
a 
a the span a. 
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2 The value of C
a 
may be computed as Ahl (h2 ) , where hl is the longer 
side of the beam cross section, h2 is the shorter side of the beam cross section, 
and A is a numerical factor which may be taken from Fig. 55 (39). Nonrectangular 
sections, such as T-beams, may be broken into the component rectangles and the 
individual C values then computed and totalled. A more exact analysis, such 
as outlined by Nylander (40), may also be used. However, in view of the 
uncertainties in the value of G for concrete and in the changes in C which 
must accompany cracking, the use of a more exact analysis will seldom be 
justified. 
Again, the full range of values of the torsional stiffness parameter 
is from zero to infinity. Zero corresponds to either no beams or a slab 
resting on but not connected to beams, and infinity corresponds to a rigid 
abutment. The J values for the spandrel beams, both deep and shallow, of the 
flat plate and flat slab were about 0.25, the J for the spandrel beam for the 
typical two-way slab structure was about 0.9, considering a T-beam section, 
and on the same basis the J of the interior beam was about 1.4. A limit of 
J = 2 could be established as a reasonable upper bound. The J values computed 
for bare steel beams, however, may be extremely small, perhaps as low as 0.01, 
or less. In effect, the steel beams may exert no torsional restraint on the 
slab. Values of C for rolled metal sections have been computed and are 
tabulated in several references (41,42). 
A stiffness parameter for the columns that reflects the combined 
rotational stiffness of the columns framing into a joint relative to the stiff-
ness of the slabs and beams framing into the same joint is also required. The 
parameter used is expressed as 
K 
c 
where I 
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the moment of inertia of the gross, uncracked cross section 
of the column, beam, or slab, 
h - story height, 
a span length, and 
k a numerical factor reflecting the shape and support conditions 
of the member (i.e., for a prismatic member, 4 if the far end 
is restrained against rotation and 3 if the far end is simply 
supported). 
The values of K may range from zero for a case where a slab is 
c 
merely sitting on top of the columns with no connection capable of transferring 
moment to near infinity in the case of the columns in the lower story of a high 
rise building. 
The K values for the structures tested at the University of Illinois 
c 
were found to vary over a wide range. The computed values were as follows: 
Flat Plate, 8; Flat Slab, 1; Typical Two-Way Slab, 6; Two-Way Slab with Shallow 
Beams, 7. The values were also computed for several examples taken from a 
paper by Zweig (43) for columns only below the slab, and minimum found was 
0.6. The minimum column stiffness allowed by the Flat Slab provision of the 
ACI Code varies from 2/3 for dead load equal to live load to 2.0 for the case 
of all live load, with the additional limitatio~ that I may not be less than 
1,000 in4. In each case the computation was made considering centerline 
distances, and ignored the stiffening influence of drop panels and column 
capitals. 
There is no limitation on the minimum column stiffness that may be 
used with a two-way slab floor or ~oof. Considering the prototype structure 
for the typical two-way slab, a five-inch pipe column would be sufficient 
(ignoring the problems of connection details) if this slab were for a roof. 
The computed K value for this column is less than 0.01, so it can be seen 
c 
that any restraint this column could supply to the slab would be completely 
negligible. 
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5.3 Effects of Variation of Beam Flexural Stiffness on Interior Panel 
Moments for All Panels Loaded 
The moments in the various strips of the slab are presented for two 
different definitions of strip width in this section. The column strip width 
is taken as both half the width of panel considered and half the shorter span 
of the panel. In either case the middle strip occupies the remainder of the 
panel width. It is found, however, that the differences are only quantitative, 
and that the same trends are shown for either choice of strip width. Further-
more, for square panels and those in which the long span moments are being 
considered, the two definitions are identical. It is only in the case of the 
short span moments, that is when span £, perpendicular to the span ~ under 
consideration, is larger than span ~, that there are different widths of strips 
(see Fig. 54). 
The positive and negative moments in the middle strip, column strip, 
beam, and beam strip are tabulated in Tables I to 3. In each case the moments 
are in terms of the span considered, whether it is the short or long span. The 
strip moments are all in terms of the average unit moment coefficient across-
the strip, that is, M/qa 2 and the beam moments in terms of the absolute , 
moment, M/ qa3 . Tables I and 2 contain the moments for the case in which the 
column strip is half the panel width regardless of whether the long or short 
span is being considered, and Table 3 contains those moments which are different 
when the column strip width is taken as half the shorter spano 
These moments are also presented in graphical form in Figs. 56 to 
63. The moments for the strips which are half the panel width are shown by 
solid lines and the moments for the case of column strips which are half the 
shorter span in width are shown by broken lines. 
The moment variations are best examined through the curves of moment 
versus relative beam stiffness. The moments in the beam will be examined first. 
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As would be expected, the moments in the beams increase as the beam 
stiffness increases. For most of the panel shapes considered, Figs. 56 and 
57 show that there is comparatively little increase in moment after the ratio 
H (b/a) reaches 2.0, and the values in Table 2 confirm that little change in 
a 
moment occurs for a change in beam stiffness of from five to infinity. In one 
case, the negative moment for an aspect ratio alb = 0.5, there is a slight 
reduction in moment when the beam stiffness ratio exceeds 2.0. This may be 
explained, however, by the fact that the beams in the perpendicular span also 
increase in stiffness and force the plate to carry more of the span moment in 
the middle strip of the plate. These moments are tabulated in Table 2. 
The middle strip moments are shown in Figs. 58 and 59. It is seen 
that the average positive and negative moments for a s~uare panel (alb = 1) 
are nearly independent of the beam stiffness ratio. The short span (alb < 1) 
moments increase as the beam stiffness increases since the ends of the plate 
span are being supported more firmly. The long span (alb> 1) middle strip 
moments decrease as the beam stiffness increases because more of the moment in 
the relatively narrow panel is transferred to the beams as the beams reduce the 
curvature of the plate. The middle strip moments are listed in Tables 1 and 3. 
The slab column strip moments are shown in Figs. 60 and 61. It is 
seen that in every case there is a very definite reduction in the column strip 
average momerrt as the beam stiffness is increased, although the trend is reduced 
in rate when the stiffness ratio exceeds 2000 While the rate is much reduced 
as the stiffness is increased, examination of the moment values in Tables 1 and 
3 shows that there are still appreciable reductions in moment intensity after 
a stiffness ratio of five has been exceeded. This trend is found in all moments, 
regardless of whether they are for a long or short span, and whether the column 
strip width is defined as half the panel width or half the shorter span. 
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* The plots of the beam strip average moment (Figs. 62 and 63) are of 
particular interest, especially when the moments in the strip half the narrow 
width of the panel are considered. It is seen that once the beam stiffness 
ratio exceeds two, the moment coefficients for all shapes of panels lie within 
a very narrow band. Furthermore, for a stiffness ratio of zero, the moments 
2 
are approximated by the expression 0.125 qa (b/a) for b/a greater than 1.0, 
and by simply 0.125 qa2 for b/a of 1.0 or less. This means essentially that 
if the moment (not average moment) in the slab and the moment in the beam are 
added, and then divided by the width of the column strip, the resulting average 
moment is nearly independent of both panel 'size and beam stiffness. 
5.4 Effects of Various Patterns of Loading on the Moments in Slab and Beams 
The maximum positive and negative moments in the beam. and slab 
sections caused by various partial loading patterns are presented in this 
section. The slab moments are presented in terms of the average moment in the 
panel, and are not broken down into strip moments. 
Two types of loadings were considered for both the positive and 
negative maximum moments; a checkerboard loading and a strip loading. For the 
positive moments, both the checkerboard and strip loadings considered were 
the ones which theoretically give the maximum moments. The loading patterns 
are shown in Fig. 64a and d. 
Neither of the loading patterns for maximum negative moment correspond 
to those which give the absolute maximum moment. The checkerboard loading con-
sisted of loading alternate pairs of panels, as shown in Fig. 64b; so that the 
moments could be obtained by superposition of existing solutions. The maxL~~m 
moments are not appreciably different from those which would have been obtained 
* Includes moments in the beam plus the slab column strip as defined in 
Section 5.1. 
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with the loading pattern of Fig. 64c. The negative strip loading considered 
is shown in Fig. 64e, while the loading to give the absolute maximum moment 
is that shown in Fig. 64f. In this case the moments computed are somewhat 
lower than the maximum, since for the loading considered the average negative 
moment across the entire panel is 0.104 ~a2, while the true maximum is about 
2 0.117 ~a . 
The moments for various loading patterns were obtained by super-
position of known solutions as was done by Westergaard. Consider Fig. 65a. 
In the first sketch, alternate panels are loaded in opposite directions, and 
an anti-symmetrical condition is found at each support, for which there is no 
moment at the support. This results in essentially a simply supported panel. 
The second sketch shows a case in which all panels are loaded in the same 
direction. If the two loading cases are superposed, the loading shown in the 
third sketch in which alternate panels are loaded results. This loading 
pattern gives the maximum positive moments. The positive moment is therefore 
the average of the positive moments in a simply-supported span and in a fixed-
ended span. Similar reasoning may be applied to the loadings shown in Fig. 65b 
to obtain the negative moment over the support. 
The moment values used for the assembly of the maximum moment loadings 
were obtained from the following sources: (a) uniform load, all panels loaded, 
Sutherland (23); (b) single simply-supported panel, Timoshenko (19); (c) row 
of panels simply supported on two edges and continuous across flexible beams 
at the other two edges, Newmark (44); double panel simply supported at edges 
and continuous across flexible beam at center, Newmark (44); and single panel 
clamped on three sides and simply supported on the fourth, Siess and Newmark(30) 
for rigid beams; and simple beam moment distribution for no beams. 
The next to last case is actually that of a pair of rows of panels 
which are simply supported at the outer ends and continuous across beams at 
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the middle and edges. No values for intermediate beam stiffness ratios could 
be found) so the increases in moment over the moments for all panels loaded 
were estimated by fitting a second degree parabola through the known points) 
considering the slab moments for rigid beams to be the same as would be obtained 
for a stiffness ratio of 10. A second degree curve was used to obtain the 
approximate moment increases over the cases in which all panels were loaded 
after it was found that such a curve represented reasonably well the increases 
in positive moment due to the strip loadings for maximum positive moment. 
The moments obtained from the maximum moment loadings are tabulated 
in Tables 4 and 5. It should be pointed out that these are the moments for 
the case of all live load. 
The most important conclusion that may be drawn from these data is 
that unless the beams are extremely stiff) with stiffness ratios of nearly 
five or more, the strip loadings give greater slab moments than the checker-
board loading patterns. In all cases) the strip loadings give greater beam 
moments than the checkerboard loadings. 
Since the columns considered in this analysis have no fluxural stiff-
ness and the beams have no torsional stiffness) these elements cannot tend to 
isolate the individual panels. Consequently the increases in moment can become 
rather large. However) this idealized structure would be a reasonable repre-
sentation of a slab supported on steel beams and very light steel columns such 
as might be found supporting a roof slab. 
The strip loadings for positive moment double the average slab moment 
when there are no beams) and in every case at least double the positive moment 
in the beams. For a panel with an alb ratio of 0.5 and rigid beams) the short 
span positive moment is increased 80 percent by the checkerboard loading) and 
the very small long span positive moment is increased by a factor of about 10) 
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but the resultant increased moment is still so small that the minimum re-
inforcement requirements would govern in most designs. 
The increases in the negative moment caused by the partial loadings 
are much less than the increases in positive moment. The principal reason for 
this is that any changes in restraint which are made by unloading other panels 
occur at least a full panel length away, while for the positive moment sections 
the changes occur only half a panel length away, and occur at both ends of the 
panels. 
Under the loading considered, the strip loadings produced a maximum 
increase in slab negative moment of 25 percent for the case where there were 
no beams. For rigid beams, the increases in slab moment ranged from zero to 
15 percent. The increases in beam moment for the same strip loading ranged 
from 27 to 45 percent. 
The checkerboard loadings for maximum negative moment in the slab 
were more important than the strip loadings only for slabs supported on beams 
with stiffness ratios greater than five. The increases in negative moment for 
panels supported on rigid beams with zero torsional stiffness ranged from 30 
to 60 percent. For a more realistic maximum beam relative stiffness value of 
five, the increases in negative moment in the slab due to either checkerboard 
or strip loading ranged only from 11 to 18 percent. 
5.5 Effects of Changes of Torsional Stiffness of Supporting Beams on the 
Moments in an Interior Panel 
In this section the effects of changes in torsional stiffness of the 
supporting beams are studied in panels of several shapes and supported on beams 
of different flexural stiffness·. , 
The effect of the torsional stiffness of the beams on the moments 
caused by strip loading patterns in an interior panel is a function of not only 
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the torsional stiffness of the beams but also the flexural stiffness of the 
columns and the beams in the two directions. As an illustration, two extreme 
cases are considered. First, consider a slab in which the flexural stiffness 
of the beams across the loaded strips is zero, and of the beams parallel to the 
loaded strip, infinite. In this case the columns completely control the 
effective torsional stiffness of the beams parallel to the loaded strips. If 
the column stiffness is zero, the beam torsional stiffness is tmmaterial. As 
a second example, consider a slab in which the beams across the loaded strips 
are rigid. In this case the ends of the beams parallel to the loaded strips 
are completely restrained by the cross beams, and the stiffness of the columns 
is not a factor in determining the torsional moments. 
The torsional stiffness of the supporting beams is always quite 
important for the checkerboard loading patterns, and column stiffness is a 
factor only for the negative moment checkerboard loading. In the case of the 
checkerboard loading for maximum positive moment (Fig. 64a), the beams slopes 
are zero at the supports regardless of the column stiffness, so the torsional 
restraint is a function only of the beam torsional stiffness. 
One limiting case which may be investigated easily is that of a slab 
supported on rigid beams with finite torsional stiffnesses. This problEm may 
be solved by the moment-distribution procedure presented by Siess and Newmark 
(30). Moments in the interior panel of a structure with 25 similar panels are 
given in Table 6 for cases of beams with various torsional stiffnesses. The 
25-panel structure is considered since the interior panel is two panels from a 
free edge and may be considered as a Iltypical interior panel." The moment 
values in the first two columns are derived from standard plate theory, and the 
r~mainder are the moments derived by means of the distribution procedure. The 
moments in the third and fourth columns are directly comparable with those in 
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the first two columns since the beam torsional stiffness is zero in each case. 
The loading patterns considered for the 25-panel structures are shown in 
Figs. 66a;bj and c. 
The agreement between the negative moments in slabs supported on 
beams of zero torsional stiffness as computed by the two procedures is good; 
the moment distribution positive moments are nearly always greater than the 
moments derived from plate theory because of the approximate nature of the 
distribution process. 
The torsional stiffness parameter shown in Table 6 is the parameter 
T/K used by Siess and Newmark. The quantity T is the torsional stiffness of the 
beam subjected to a torque distributed sinusoidally along the length of the 
beam. The quantity K is the flexural stiffness of the slab subjected to a 
moment on one edge, the other three edges being fixed. The moment is dis-
tributed sinusoidally along the edge. For square panels T/K = 1.0 corresponds 
approximately to J = 0.8. For a rectangular panel with alb = 0.5, T/K = 1.3 J 
for the short beam and T/K = J for the long beam. The T/K values of 1.0 and 2.0 
were used rather than integer J values in order to simplify numerical calcu-
lations and to utilize existing solutions in completing the table. 
It can be seen that for zero torsional stiffness of the supporting 
beams (Columns 3 and 4), the negative and positive moments in a square panel 
may be increased about 50 percent if there is no dead load (moment distribution 
solution). However, if a torsional stiffness factor of one is introduced 
(Column 5), the increases in negative and positive moment are 28 and 23 per-
cent, respectively. For a torsional stiffness ratio of 2 (Column 6), these 
increases are reduced further to 18 and 14 percent, respectively. 
The reductions in the maximum moments as the beam torsional stiff-
nesses are increased are even more important for the short span of rectangular 
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panels then for s~uare panels. Again considering nondeflecting beams and zero 
torsional stiffness, the increase in positive moment in the short span of a 
slab with a ratio of sides of two is 67 percent, and of the negative moment, 
31 percent. If the beam torsional stiffness ratio is increased to one, the 
increases are 29 and 19 percent, respectively. For a torsional stiffness ratio 
of two, these increases are 18 and 14 percent, respectively, for the positive 
and negative moment sections. 
The moment distribution solution for the long span of a panel with a 
ratio of sides of two indicated that for T/K = 0 the negative moment is just 
about doubled. The plate theory solution indicates an increase of less than 
70 percent, and on this basis it seems that the negative moments given by the 
distribution procedure are too high for this particular case. At the same time, 
the moment distribution procedure underestimates the increase in positive 
moment in the long span due to checkerboard loadings. 
There are no analyses available which consider checkerboard loadings 
on slabs having beams with finite flexural and torsional stiffnesses. However, 
since it has been shown that reducing the beam flexural stiffness reduces the 
importance of the checkerboard loading moments, it should be evident that the 
introduction of torsionally stiff beams should further reduce the importance of 
these loadings. 
There is one instance for a checkerboard loading pattern in which the 
stiffness of the columns supporting the beams makes ·a difference. For the 
negative moment checkerboard loading, the stiffness of the columns at the sides 
of the loaded pair of panels controls both the torsional rotation of the lIedge il 
beams and the effective flexural stiffness of the "cross!! beam (see Fig. 64b 
or c for patterns of loading). Restraining the ends of the ucrossll beam 
increases the maximum negative moment in the slab, and extends the range of 
-69-
importance of this checkerboard loading. On the other hand, restraining the 
torsional rotation of the center of the !ledge!! beam (For J 1= 0) reduces the 
effect of the checkerboard loading pattern. 
The effects of the torsional stiffness of the supporting beams on 
moments in slabs subjected to strip loadings are not as well defined as in 
the case of checkerboard loading because of the difficulties of separating the 
effects of column flexural stiffness and beam torsional stiffness. There exist, 
however, solutions for slabs supported on beams of finite flexural and torsional 
stiffness and rigid columns. The effects of the column stiffness are discussed 
in the next section, but must not be ignored here. 
Morrison (32) gives solutions for several different ratios of-beam 
torsional and flexural stiffnesses in a structure of nine square panels sup-
ported on rigid columns. The columns are finite in cross section, being one-
tenth the span in thickness. The beams have no width. Moments obtained when 
all panels are loaded are shown in Table 7, and the maximum positive moments 
due to strip loadings are in Table 8. 
It is found that increasing either the torsional or flexural stiff-
ness of the beams reduces the increases in positive moment caused by loading 
the center row of panels of the structure. These effects may be summarized 
in this table. 
H J Uniform Load 
Moment 
M/qa 2 
o o 0.038 
0.024 
2.0 0.016 
2.0 2.0 0.014 
Strip Load 
Moment 
M/qa 2 
0.046 
0.027 
0.017 
0.014 
Increase, 
percent 
21 
13 
6 
o 
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It should be pointed out that much of the reduction in the ratio of 
maximum moments to uniform load moments as the beams were stiffened is due 
principally to the increase in flexural stiffness of the beams, and is not 
entirely due to the increase in torsional stiffness. The same trend is seen 
in the moments for strip loadings for maximum positive moment as is shown in 
Table 4 for slabs supported on beams with no torsional stiffness and flexible 
columns. 
It is not necessa.ry to investigate the effect of torsional stiffness 
on the strip loadings for maximum negative moment since this type of loading 
is not critical if the columns are rigid as they were in the structure 
considered. 
5.6 Effect of the Flexural Stiffness of the Columns on the Moments in an 
Interior Fanel 
The flexural stiffness of the columns is quite important in a 
structure which is subjected to loading patterns in which rows of panels are 
loaded. The effect of the columns is to isolate, as the column stiffness is 
increased, a particular row of panels from the influences of the loads on the 
adjacent rows of panels. 
As an illustration of the effects of column stiffness at the limits 
of zero and infinity, consider the positive moments in a square panel of an 
infinite array of identical panels, with no beams and supported on point columns. 
When all panels are loaded, the average positive moment is 0.0417 qa2 . If 
alternate rows of panels are loaded, and the columns are assumed to have no 
2 bending stiffness, the average positive moment doubles, and becomes 0.0833 qa . 
According to Westergaard's analysis (11), however, when columns of infinite 
bending stiffness are introduced, the strip loading produces an average posi-
tive moment of 0.049 qa2 , an increase of only 18 percent, or about one-fifth 
the increase for a slab on columns of zero flexural stiffness. 
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Westergaard also completed this analysis for slabs with various sized 
column capitals. For a slab with circular column capitals with a diameter of 
0.15 times the span, the average positive moment increases by 130 percent from 
2 0.035 to 0.079 qa as the loading is changed from all panels to alternate 
strips loaded when the columns are flexible. If the columns are rigid, the 
2 increase is about 20 percent, or to 0.042 qa . 
The same beneficial results of having stiff columns may be shown for 
structures in which there are beams as well as slabs, although it is not pos-
sible to separate completely the effects of column stiffness and beam torsional 
stiffness. Again considering square panels, for a beam stiffness ratio of 
H = 0.5, the average positive moment in the slab when all panels are loaded is 
2 2 0.0263 qa , and under a strip loading the moment increases to 0.0454 qa when 
the columns are flexible, an increase of over 70 percent (Table 4). In the 
nine panel structure supported on rigid columns which was analyzed by Morrison, 
2 
when H = J = 0.5 the moment increased only from 0.024 to 0.027 qa , or 13 per-
cent (Table 8). (The moments caused by uniform load need not match since the 
center panel of the nine panel structure is subjected to some free-edge effects, 
and the columns are finite in cross section.) Similarly, when H = 2.0 for the 
structure with flexible columns, the average positive moment in the slab 
2 increases 43 percent from 0.0164 to 0.0234 qa as the loading pattern is shifted 
from all panels loaded to alternate strips loaded. When the columns are rigid 
and H = 2.0, J = 0.5, Morrison's. analysis indicates only a small increase of 
from 0.016 to 0.017 qa2 . 
The reductions in the maximum moments in the slabs as the columns were 
stiffened are to be expected, since in one sense the addition of the rigid 
columns could be approximated by merely stiffening the beams. This in itself 
is sufficient to reduce the maximum moments in the slab. 
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The trends for the effects of colQ~ stiffness in rectangular panels 
may be stated Cluit_e simply. In the shor~ span of a rectangular panel, the 
diminution of the importance of a strip loading would be less than for a square 
panel. For a very wide short panel the columns would have no bearing on the 
moments in the slab except very near the columns. In the long span the rigid 
columns would make the moments in the panel even less sensitive to the forces 
in the adjacent panels than for a square panel. In a system of very long 
narrow panels the various patterns of strip loading would not affect the 
moments in a loaded panel since the panel would approach the case of a beam 
supported by rigid columns. 
This study of the effects of the stiffness of the columns on the 
moments in the panels reveals one important factor. As the column stiffness 
is increased, the range of supporting beam stiffness in which the checkerboard 
loading patterns are more important than the strip loadings is considerably 
extended. The average positive moments in the slab for a square interior 
panel are shown in Fig. 67 for several loading and support conditions. In 
each case J = o. It is seen that for flexible columns, K = 0, the strip 
c 
loading produces higher moments than the checkerboard loading whenever the 
value of H is less than about 3. When, however, the columns are rigid, K =~, 
c 
the c...~eckerboard loaLding pattern is more i.J.uportant than the strip loading for 
all slabs supported on beams with H values greater than 1. From this it 
appears that the checkerboard loadings, with rigid columns and square panels, 
should be critical for nearly every structure supported on concrete beams. 
Figure 68 shows the same curves for the negative moment sections. 
The trends are the same as for the positive moment in that stiffening of the 
col~~s extends considerably the range of importance of the checkerboard 
loading. The rigid columns completely eliminate any effect of the strip 
loading on the negative moments. 
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In a structure with K 
c 
0, the checkerboard 
loading controls only when the beam stiffness ratio, H, is greater than 4. For 
the rigid columns the checkerboard loading pattern produces moments larger 
than the uniform load for beam stiffnesses as low as about 2.5. 
It should be remembered whe-n considering the importance of the various 
partial loading patterns for maximum negative moment that the .increases in 
moment are in every case much less than the increases in positive moment. The 
maximum increase in slab negative moment for square panels supported on beams 
with stiffness ratios up to five is 25 percent for the loadings considered, and 
zero stiffness columns. The maximum increase in the positive moment is 100 per-
cent for slabs supported on -lI p in" columns. 
It is necessary to examine the change in moments for the cases when 
the column stiffnesses have intermediate values since in the majority of 
structures the flexural stiffness of the columns will be neither infinity nor 
zero. This may be approached on the basis of a frame analysis. 
The degree of fixity of a joint may be related to the column relative 
stiffness factor, K , by the equation K /(1 + K ) = degree of fixity, with 
c c c 
values ranging from zero to one. The degree of fixity is equivalent to the 
combined distribution factor to the columns for the unbalanced moment at a 
joint. It can be shown that in a two-dimensional frame analysis the increase 
in moment at any section caused by a maximlli'1l moment loading pattern is a 
direct linear function of K /(1 + K). For a continuous beam of equal spans 
c c 
supported on columns, the positive moment is doubled when alternate spans are 
loaded and the fixity is zero. When the fixity is one, or K = 00, there is no 
c 
increase in moment when alternate spans are loaded as compared with the moment 
when all spans are loaded. 
The same variation is true for slab structures, except that there 
may still be an increase in moment when K = 00 because there is a Ifleakagel! of 
c 
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moment around the columns even when the columns are rigid. The "leakage" is 
greater in the short span of a rectangular panel than in a square panel, and 
less in the long span. 
If the value of K is one, which is about the minimum column stiffness 
c 
ratio when reinforced concrete columns are used, the value of K /(1 + K ) is 
c c 
0.5. If there were no leakage of moment around the columns, this would mean 
that the increase in moment caused by a strip loading would be half that found 
when the column stiffness is zero. The increase, however, is larger in a slab 
structure because of the -leakage of moments around the columns. As was dis-
cussed previously in this section, the positive moment in square panels without 
beams may be doubled when K = 0, and increased by about 20 percent when 
c 
K = 00. When K = 1, the moment increase is about 60 percent instead of the 
c c 
50 percent increase when there iS,no leakage. -This increase may be thought 
of as being comprised of the 20 percent increase when K = 00 plus half the 
c 
additional 80 percent increase when K = O. 
c 
Much higher values of K are common, and when K = 4, K /(1 + K ) = 
c c c c 
0.8. In the leakage free case the increase in moment would be 0.2 times that 
for K 
c 
O. In the square-paneled beamless slab the increase in positive 
moment would be about 35 percent. While these increases are for the case of 
no dead load and are less when dead load is present, they are of appreciable 
magnitude and cannot be ignored in the design of a structure or in the de-
velopment of a design procedure. 
5.7 Moments in Edge Panels 
(a) General Remarks 
Edge panels are quite important since there are more interior panels 
than edge panels only in extremely large structures. Little is known, however, 
about the theoretical elastic moments in such panels since the application of 
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the exact elastic analyses is extremely complex due to the boundary conditions. 
The results of four analyses are used in this section) and the same four are 
considered in the next section, which covers corner panels. 
The first analysis is a series of difference e~uation solutions 
carried out by Appleton (25). The structure analyzed is supported on rigid 
columns and flexible beams having no width. The slope of the surface of the 
plate is assumed to be zero at the three edges which are continuous. The panel 
is e~uivalent to one panel out of a double row of panels and is not continuous 
with an interior panel as would be the case in most structures. At the non-
continuous edge a beam is present which provides support, but not torsional 
restraint. Since the columns are rigid, the slope of the plate at all of the 
columns is zero. 
S~uare panels and panels in which the long side is twice the short 
side are considered) with the long span of the rectangular panel either 
parallel or perpendicular to the edge of the structure. Three different ratios 
of beam stiffness are considered. At one limit, all the beams are rigid, and 
at the other extreme there are no interior beams but still an edge beam. In 
the case where there are interior beams, the edge beam stiffness is half that 
of the interior beam parallel to the edge. As in the case of the interior 
panels, the long beam is stiffer than the short beam of the panel by the ratio 
of sides of the panel. For the rectangular panels, the interior beam stiff-
ness ratio considered is H (b/a) = 0.5, and for the s~uare panel H 1.0. 
a a 
The second analysis is the Siess-Newmark approximate moment distribu-
tion analysis (30). As before, the beams are rigid, but have finite values of 
torsional stiffness. The edge panels of 25-panel structures are considered, 
so the edge panels are continuous with other edge panels on two sides and with 
an interior panel on the third side. 
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The third analysis is that reported by Morrison (32) for a series of 
nine-panel structures. In this analysis the columns are rigid, and are one-
tenth the span in thickness. The beams have no width, but have finite values 
of torsional stiffness. Only square panels are considered. 
The fourth analysis considered is a series of difference equation 
solutions carried out by Simmonds (45). A nine-panel structure is considered 
in which the beams and columns have no width. The panels are square and 
arranged 3 by 3. The analysis considers beams with finite torsional and 
flexural stiffnesses and columns with finite bending stiffness values. In 
this last respect the solution represents an important advance in the under-
standing of slab structures, since plate analysis solutions usually consider 
only either rigid or completely flexible columns. The solutions were completed 
for all combinations of Hand J of 0.25, 1.0, and 2.5, and with several columns 
stiffness ratios ranging from zero to infinity for each combination. A grid 
size of 8 by 8 divisions in each panel was used. The analysis was limited 
to the case of square panels because full advantage had to be taken of symmetry 
in order to reduce the number of simultaneous equations to within the capacity 
of the electronic computer (143 equations). 
There are two spans to consider for each edge panel; the span 
parallel to the edge of the structure (referred to as the parallel span) and 
the span perpendicular to the edge of the structure (referred to as the per-
pendicular span). It will be seen that the parallel span moments are not much 
different than the moments in an interior panel. This is especially true if 
the beams possess finite torsional stiffnesses. Likewise, it is shown in this 
section and the next that the perpendicular span moments are not much different 
than the moments in a corner panel. The two spans are illustrated in Fig. 69, 
and the critical moment sections are identified. 
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While the moments in the parallel span of the edge panels are similar 
to those in the interior panels, the moments are less sensitive to changes in 
loading pattern since the restraint conditions on one side of the panel cannot 
be altered. On the other hand, the moments are considerably more sensitive to 
the stiffness of the columns than in an interior panel since the exterior edge 
restraint is directly dependent on -the column stiffness. 
(b) Span Parallel to Edge of Structure 
Moment coefficients for the parallel span of the edge panel based on 
difference equation solutions are tabulated in Tables 9, 10, and 11. A 6-by-6 
grid was used in setting up the difference equations for both square and 
rectangular panels. This grid size was small enough to give moments with 
reasonable accuracy. There are not enough solutions for different beam stiff-
nesses for each panel shape to make it possible to plot the moments against 
the beam stiffness parameter, H. 
The moments are presented for the wall strip, one-quarter panel-
width wide, the middle strip, and the interior column strip, also one quarter 
panel-width wide, The moments in the spandrel beam are also presented, as 
are the moments in the first interior beam. The beam strip moment is either 
the sum of the moments in the edge beam and the wall strip, or in the interior 
column strip and half the moment in the first interior beam. Beam strip 
moments cannot be determined when the beams are rigid since, although the total 
of the beam moments may be found, the distribution of the beam moment between 
the spandrel beam and parallel interior beam is not known. 
The various section moments in the parallel span of an edge panel 
may be compared directly to the moments in an interior panel. The edge panel 
moments are tabulated in Tables 9, 10, and 11, and the interior panel moments 
in Tables 1 and 2. 
-78-
The moments in the parallel span of the edge panels are not 
appreciably different than the moments in the interior panels in most cases. 
The greatest differences occur when the beams are flexurally rigid, but in 
this extreme case the moments in the slab sections are also the smallest. 
In the following table the moments in square edge and interior panels 
are listed. The value of H listed refers to the interior beam. The stiffness 
of the spandrel beam is H o . 5 for both H 
a 
o and H = 1.0 indicated in the 
table. Since the spandrel beam supports only one panel its effective stiffness 
is approximately H = 1. The moment in the beam should be about half that in 
an interior beam for which H = 1.0. The moments for the wall strip and 
spandrel beam when H = 0 are those for H = 1 in the listing of interior panel 
moments. 
Comparison of Moment Coefficients in the Barallel Span 'ofEdge 
Panels and in Interior Banels 
----
Square Panels, alb = 1.0 
Spandrel Wall Middle Column Interior 
Beam Strip Strip Strip Beam 
H qa3 2 2 2 2 
a 
qa qa qa qa 
POSe Neg. POSe Neg. POSe Neg. POSe Neg. POSe Neg. 
A*O 0.011 0.019 0.022 0.045 0.028 0.040 0.058 0.123 0 0 
B*O 0 .. 010 0.021 0.021 0.042 0.032 0.038 0.051 0.129 0 0 
A 1 0.009 0.015 0.022 0.046 0.025 0.047 0.024 0.043 0.023 0.042 
B 1 0.010 0.021 0.021 0.042 0.021 0.042 0.021 0.042 0.021 0.042 
A 00 0.010 0.028 0.020 0.054 0.006 0.017 
B 00 0.016 0.027 0.004 0.013 0.015 0.050 0.004 0.013 0.032 0.054 
* A is the edge panel moment and B is the modified interior panel moment. 
As can be seen in the table, there are no major differences in the 
moments in the two panel cases except when the beams are rigid. However, the 
case of rigid beams is extreme since it is in effect the comparison of plates 
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clamped on three sides with those clamped on four sides. When the beams are 
rigid) the wall strip average moment is more than twice the column strip moment 
at both positive and negative moment sections. This large difference is a 
result of the complete lack of restraint against rotation at the exterior edge 
of the edge panel. 
When H 0, the edge panel column strip moment is about 15 percent 
greater than the interior panel column strip moment. At other critical moment 
sections the interior panel moments may be as much as 15 percent larger than 
the edge panel moments. When H = 1.0, the slab moments in the edge panel are 
in all cases larger than in the interior panel; in no case is the difference 
as large as 20 percent. 
When the parallel span of the edge panel is half the perpendicular 
span (alb = 0.5) the correspondence between the moments in the edge and 
interior panels is better than in square panels. The principal reason for 
this is that the restraint at only one short side of the panel is altered, and 
the moment change is both relatively smaller and further from most of the 
panel than in the square panel and therefore has less effect. The agreement 
of the corresponding moments may be verified by examination of the values of 
the moments shown in Table I, 2, 9, 10, and 11. 
The moments in the edge and interior panels when the ratio of sides 
is two and the long span in parallel to the edge of the structure (alb = 2.0) 
are shown in the following table. Three cases of interior beam stiffness are 
considered; H (b/a) = 0, 0.5, and 00. The stiffness of the spandrel beam is 
a 
H (b/a) = 0.25 for both interior beam stiffness of H (b/a) = 0 and 0.5, and is 
a a 
00 when the interior beam stiffness is 00. 
The values in this table show that there are no major differences 
between the moments in the edge panels and interior panels in this extreme 
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Comparison of Moment Coefficients in the Parallel Span 
of Edge Panels and in Interior Panels 
a/b = 2.0 
Spandrel Wall Middle Column Interior 
Beam Strip Strip Strip Beam 
H (~) qa3 2 2 2 qa3 
a a 
qa qa qa 
Pos. Neg. POSe Neg. Pos. Neg. Pos. Neg. Pos. Neg. 
A* 0 0.006 0.011 0.027 0.048 0.032 0.055 0.031 0.081 0 0 
B* 0 0.005 0.011 0.021 0.042 0.041 0.060 0.042 '0.107 0 0 
A 0·5 0.005 0.009 0.021 0.039 0.022 0.040 0.024 0.044 0.012 0.023 
B 0·5 0.005 0.011 0.021 0.042 0.021 0.035 0.021 0.042 0.011 0.022 
A <Xl 0.002 0.009 0.003 0.018 0.001 0.005 
B <Xl 0.010 0.019 0.0002 0.004 0.001 0.012 0.0002 0.004 0.021 0.038 
* A is the edge panel moment and B the interior panel moment. 
case of the unrestrained edge being twice the perpendicular span as long as the 
beams are not rigid. The greatest excess of moment in the edge panel as com-
pared to the interior panel when H (a/b) = 0.5 is 14 percent. 
a 
When the beams are rigid, however, there are some extremely large 
ratios of edge panel to interior panel moments. In every case of large dif-
ference the panel moments are extremely small. The greatest difference is in 
the wall strip positive moment. The wall strip moment is 0.002 qa2 ; the interior 
2 panel moment is 0.0002 qa. The relative change is by a factor of 10, but the 
absolute change is only 0.0018 qa2, which is an extremely small moment. 
While these data do not give any indication of what stiffness of the 
supporting beams produces effects approximating nondeflecting supports, they 
do make it clear that when the beams are flexible, the moments in the parallel 
span are quite similar to those in the interior panel. 
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The effects of the torsional stiffness of the beams on the moments 
in the parallel span of an edge panel may be conveniently studied by means of 
the Siess-Newmark moment distribution procedure for the case of flexurally 
rigid beams. Moments for this study are listed in Table 12. As a check on 
the case of no torsional stiffness) the first column lists Appleton1s moments 
for the structure consisting entirely of edge panels) and the second column 
is a tabulation of the moment distribution moments for the panel at the center 
of an edge of a 25-panel structure (arranged 5 by 5) in combination with zero 
torsional stiffness in the beams. These two cases are not strictly comparable 
since the edge panels border only edge panels in the first case but also 
border interior panels in the second case. 
According to the moment distribution analysis) the maximum difference 
in moment in the parallel span as compared with an interior panel is about 
60 percent, for the case where the parallel span is twice the perpendicular 
span. This difference is reduced to about 30 percent if the torsional stiff-
nesses of the beams are increased to a value of T/K = 1.0 (J = 1.0). For a 
s~uare panel, the increase in moment is only 16 percent when T/K = 1.0 
(J = 1.2), and 30 percent when T/K = O. From this it would seem that, given 
any reasonable value of torsional stiffness of the peams and also beams having 
finite flexural stiffness, there is ve~ little difference between the parallel 
span of an edge panel and an interior panel. 
The effects of checkerboard loading patterns on the moments in an 
edge panel may also be investigated by means of the moment distribution process. 
While it will be found that the same trends exist as in interior panels, it 
should be evident that the changes will be less severe than 'in an interior 
panel since the support conditions may be altered on only three sides of a 
panel by the partial loading patterns. 
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The maximum moments in the edge panels caused by the checkerboard 
loadings are tabulated in Table 13 for torsional stiffness values of T/K = 0, 
1, and 2. The moments in the panels when all panels are loaded are also 
listed. The moments are for the edge panels of 25-panel structures. The 
loading patterns considered in obtaining the maximum moments are shown in 
Fig. 66. The same loading pattern, Fig. 66a, gives the maximum positive and 
exterior negative moments, and the other two patterns give the maximum negative 
moment in the parallel and perpendicular spans of the slab, respectively. 
When the supporting beams have no torsional stiffness, the maximum 
increase in the parallel span positive moment is 59 percent, and 40 percent 
for the negative moment. In the interior panel the corresponding changes are 
98 and 6'8 percent, respectively. The worst condition for the positive moment 
is found when the panel is s~uare, and greatest increase in negative moment 
occurs when the span parallel to the edge of the structure is twice the per-
pendicular span. If the values of the torsional stiffness ratio, T/K, are 
increased to 1, the panel moment values are both reduced in magnitude and the 
increases due to the checkerboard loading patterns are also reduced to 22 and 
26 percent for the negative and positive moment, respectively. 
There are no data on which to base a study of the effects of the 
flexural stiffness of the columns on the moments in the parallel span of an 
edge panel. The edge panels of the structures analyzed by Simmonds show 
definite changes in moment as the column stiffness is changed, but most of 
these changes may be traced to the changes in restraint of the bordering 
corner panels. There are two different aspects of the problem of the effects 
of column stiffness on the edge panel moments. The first is the effect on the 
moments when all panels are loaded. As the stiffness of the bordering columns 
in the direction perpendicular to the edge of the structure is decreased, the 
effective stiffness of the beams perpendicular to the edge of the structure is 
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likewise decreased. This causes a decrease in the parallel span slab moment, 
particularly in the middle strip, and an accompanying increase in moment in 
the beams parallel to the edge. This decrease in edge column stiffness also 
increases the positive and interior negative moments in the span perpendicular 
to the edge of the structure. 
The second aspect of the problem is in connection with the moments 
caused by partial loading patterns. For strip loadings, the effects are much 
the same as in the case of an interior panel; that is, the greater the column 
stiffness the less the change in moments as compared to the case when all 
panels are loaded. In the case of the checkerboard loadings, several dif-
ferent changes in support conditions occur at the same time. The loading of 
alternate panels increases the effective stiffness of all but the spandrel 
beams since the beams then receive load from only one panel. At the same 
time, the effective stiffness of the edge columns is increased since torsional 
moments are being transferred to the columns by only one spandrel beam. This 
stiffening of the edge column increases the restraint on the beams perpen-
dicular to the edge of the structure and on the torsional rotations of the 
spandrel beam. The increased restraint by the spandrel beam and the effective 
stiffening of the beams perpendicular to the edge of the structure tend to 
offset the increase in positive moment in the parallel span caused by reducing 
the restraint on the other three sides of the panel. 
Moments for strip loadings have been computed by Morrison, and the 
positive moments in the nine~panel structures are listed in Table 8, along 
with the moments when all panels are loaded. The structures considered have 
rigid columns, so the increases are minimized. The greatest increase occurs 
when there are no beams in the structure, and amounts to an increase of 24 per-
cent in the moment in the parallel span of the edge panel. 
l . 
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The analysis ~y Simmonds .may be used to illustrate the similarities 
between the moments in the parallel span of the edge panel and the moments in 
an interior panel. Two cases of beam stiffness and three column stiffnesses 
are considered here. The beam stiffnesses are H = J = 0.25 and H = 2.5, 
J = 1.0. The column stiffness ratios are K* 
c 
0, 1.25/(1 + H), and 00. The 
value of K 
c 
1.25/(1 + H) is extremely low, and corresponds approximately to 
the K for a six-in. thick slab spanning 20 ft if it were supported on 12-in. 
c 
s~uare columns 8 ft tall. The (1 + H) term relates the K to beam stiffness 
c 
as the column size is held constant and the beam stiffness varied. In the 
structure analyzed, the edge beam stiffness is 0.625 times the interior beam 
stiffness, and the edge and corner columns are smaller than the interior 
Col1.L."T .... Y1.S • "When the interior colu..."T.Il 12 in., the edge col~T~ is 8 by 
12, with the long side parallel to the edge of the structure, and the corner 
column is 8 by 8 in. These moments are shown in Table 15. Moments in the 
slabs and beams for all combinations of Hand J of 0.25, 1.0, and 2.5 with 
rigid columns are listed in Table 14. 
The analyses which consider the beams to be nondeflecting all indicate 
that the parallel span moments should be appreciably larger than the interior 
panel moments. It is seen that this is not true, however, when the beams are 
flexible. In fact, the moments in the interior panel are larger than in the 
edge panel in many instances. When the columns have no stiffness, an extreme 
2 
case, and H = J = 0.25, the interior panel pos,itive moment, 0.0219 ~a , is 
26 percent larger than the edge panel positive moment, 0.0173 ~a2. The interior 
* 
K 
c 
\' k EI 1 /h L c co. 
\' (k EI 1 b + k EIb )/a ~ s s a ~D earn 
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panel negative moment for the same support conditions is 16 percent larger than 
the corresponding negative moment in the edge panel. When the column' stiffness 
ratio is K = 1.25/(1 + H)" an extremely low value for a structure supported on 
c 
concrete :columns" the interior panel moments are larger than the edge panel 
moments by about 6 percent. 
When the beams are relatively stiff" H = 2.5" J = 1.'0, the parallel 
span moments of the edge panel may be larger than the interior panel moments. 
The greatest difference, however, is only 8 percent, and this occurs when t'he 
columns are rigid. From these data it may be concluded that for a structure 
made up of square panels, the interior panel and the parallel span of the edge 
panel are essentially identical. It may also be shown that when the columns 
are reasonably stiff and the beams possess finite torsional stiffnesses the 
interior panel ,of the nine-panel structure is the same as a ITtypical interior 
panelll (i. e ." compare values for K = 00 shown in Table 15 with the' values 
c 
shown in Fig. 67 for interior panels supported on beams having the same 
flexural stiffnesses.) 
The similarities between the interior panel and parallel span moments 
of the edge panels are also evident in the structure analyzed by Morrison. In 
this structure the columns are rigid, and one-tenth the span in thickness. The 
beams have r.o width, but have finite values of both flexural and torsional 
stiffness. The edge beam stiffnesses are half the interior beam stiffnesses. 
Moments for all the slab and beam critical sections are listed in Table 7 for 
four different combinations of beam stiffnesses. The beam stiffnesses indicated 
refer to the interior beams. The moments in the inte'rior panel (Col. 1 of the 
table) are not much different from those for the edge panel (Col. 3). The 
positive moments are nearly identical in every case, and the greatest difference 
in the negative moment is 20 percent, with the edge panel moment larger than 
the interior panel moment. 
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The results of two other analyses may be used to show the simi-
larities of the moments in the parallel spans of the edge panels and in the 
interior panels. Both analyses have been reported by Hatcher (6). Two nine-
panel flat plate structures are considered in which the columns are rigid and 
are one-tenth the span in thickness. 
The first is a flat plate in which there are no edge beams. This 
structure is similar to the one analyzed by Morrison. The second structure 
is a flat plate which has spandrel beams. Two of the adjacent spandrel beams 
are relatively stiff, H = I, J = 0.25, and the other two are lighter, 
H = J = 0.25. The beams are arranged so that the structure is symmetrical 
about one diagonal. This combination of beam stiffnesses was considered so 
that the structure would be similar to the flat plate structure tested at the 
University of Illinois. 
The moments in the slab without edge beams are shown in Fig. 70, 
and those in the structure with edge beams in Fig. 71. The slab moments are 
in terms of M/qa2 , the average moment intensity in the strips considered. The 
beam moments are in terms of the coefficient M/qa3 . 
The moments in the interior span of the structure with no edge beams 
are shown in the following table. 
Interior Span Moments, Flat Plate without Edge Beams 
Moment Coefficients, C = M/qa2 
Positive Moment 
Negative Moment 
Int. Panel 
Mid. Strip 
0.029 
0.036 
Int. Col. 
Strip 
0.040 
0.090 
Edge Panel 
Mid. Strip 
0.030 
0.038 
Wall 
Strip 
0.030 
0.084 
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The moment intensities in the middle strips are nearly identical. 
The wall strip positive moment intensity is 25 percent less than the interior 
column strip moment, and the negative moment is 7 percent less. The wall 
strip moment should be somewhat different than the interior column strip 
moment, since the support and restraint conditions are quite different. 
In the structure with edge beams the edge panel middle strip moments 
are smaller than the interior panel middle strip moments. In the panel 
parallel to the deep beam the edge panel moments are about 20 percent smaller. 
In the span parallel to the shallow beam the moments are about 13 percent less 
than the interior panel moments. These moments are shown in Fig. 71. 
The intensities of the moments in the wall strips are considerably 
lesp than those in the interior column strips since the wall strips are sup-
ported by beams. 
(c) Span Perpendicular to Edge of Structure 
The most important factor in determining the moments in the span 
perpendicular to the edge of the structure in an edge panel is the stiffness 
of the edge columns. A second important factor is the torsional stiffness of 
the spandrel beams, although the torsional stiffness of these beams may be 
effectively limited by the flexural stiffness of the columns. 
The moments in the perpendicular span for the case of rigi.d columns 
will first be examined for Appleton1s structure which is composed entirely of 
edge panels. These moments are listed in Table 16 for square panels and for 
rectangular panels in which the long side is twice the short side. No negative 
moment in the slab is reported at the exterior columns, but a moment must exist 
if the slope of the loaded plate is to be maintained at zero over the column. 
The reported moments are not large enough to equal the static moment, 
0.125 qba2 , and an exterior negative moment large enough to make the total 
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moment equal to the static moment has been assumed. In each case the assumed 
moment is about half the interior negative moment in the column strip. 
In every case there is an edge beam supporting the end of the plate, 
but this beam has no torsional stiffness. When values of H other than zero 
are shown, there are also interior beams, and because of the symmetrical nature 
of the structure the torsional stiffness of the interior beam is of no 
consequence. 
The beam and column strips are half as .wide as the panel. For 
this definition of strip width it can be seen that the beam strip positive 
and interior negative moments are remarkably constant through the range of 
panel shapes and the limited range of beam stiffnesses considered. The fact 
that the exterior negative moment in the beam is larger than the interior 
negative moment is caused by the support conditions which force nearly all of 
the exterior negative moment into the beams. 
Increasing the beam stiffness has much the same effects on the slab 
moments as were observed in an interior panel. As the stiffness increases, 
the column strip moments decrease and the beam moments increase. When the 
short span is perpendicular to the edge of the structure, increasing the beam 
stiffness increases the middle strip interior negative moment appreciably, 
and reduces the positive moment slightly. For the other panel shapes, 
increasing the beam stiffness reduces the slab moment intensities. 
The effects of the torsional stiffness of the supporting beams on 
the slab moments have been investigated using the Siess-Newmark moment distribu-
tion analysis on structures comprising 25 similar panels. The results of this 
analysis are tabulated in Table 12. The moments from Appleton's analysis for 
rigid beams are also listed. This analysis indicates that unless the span 
parallel to the edge of the structure is considerably longer than the perpen-
dicular spa~, the torsional stiffness, or lack of torsional stiffness, has 
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very little effect on the moments perpendicular to the edge of the structure. 
The exterior negative moment at the edge beam is of course directly dependent 
on the torsional stiffness of the edge beam. 
The moments in s~uare edge panels of structures supported on rigid 
columns and beams of finite flexural and torsional stiffness may also be 
investigated by use of the results .of the analyses by Simmonds. The moments 
re~uired for this study are listed in Table 17. The most obvious thing shown 
by the analysis is that changing J does nothing of conse~uence to any moment 
other than the exterior negative moment. The only other appreciable change is 
2 
a 12 percent reduction in the positive moment from 0.0389 to 0.0340 ~a for 
H = 0.25 as J is changed from 0.25 to 2.5 (J varies from 0.156 to 1.56 for the 
spandrel beam). 
The exterior negative moments in the beams are reduced by as much as 
20 percent as the values of J are changed from 0.25 to 2.5. This reduction 
occurs as the negative moment is transferred from the interior beam perpen-
dicular to the edge to the slab and spandrel beam as the torsional stiffness 
of the spandrel beam increases. The greatest change away from the edge is a 
reduction of 13 percent in an interior negative moment. 
As was observed in the interior panel, when the beam stiffness ratio, 
H, e~uals 1.0, the slab and the beam each take approximately e~ual moments. 
This is observed at the positive and interior negative moment sections. (The 
slab moment is obtained by multiplying the average unit moment, as is listed 
in the tables, by the panel width.) The moments are not e~ual to the exterior 
negative moment section since the restraint conditions for the slab and beam 
are not comparable. For low values of H the slab carries more moment than do 
the beams, and for H 0.25 the positive slab moment is about three ttmes the 
positive beam moment. The interior negative slab moment is more than twice 
-90-
the beam moment. The picture is reversed when the beams are relatively stiff. 
For H = 2.5, the positive beam moments are nearly twice the slab moment, and 
the interior negative beam moment is from 40 to 60 percent greater than the 
slab moment. 
Moments for the nine-panel structure analyzed by Morrison are listed 
in Table 7 for all critical sections of the structure, with the moments for 
the perpendicular span of the edge panel shown in Col. 1 in the lower portion 
of the table. The moments show the same trends as those reported by Simmonds, 
but the numerical values are not identical since the columns have finite 
thicknesses in this case. 
Strip loadings have also been investigated by Morrison, and there 
is no measurable difference between the negative moments for two adjacent rows 
of panels loaded and for all panels loaded. Loading only the edge strips of 
the structure produces positive moments about 10 percent higher than loading 
all panels when there are no beams. If there are beams present, even of quite 
low flexural stiffness, the differences are less. The positive moments in 
the nine-panel structures caused by loading all panels and by strip loading 
patterns are tabulated in Table 8. 
The increases in moments in the perpendicular span of an edge panel 
which are caused by checkerboard loading patterns may be studied for a struc-
ture with nondeflecting beams with the aid of the Siess-Newmark moment dis-
tribution procedure. For this purpose, moments have been computed for edge 
panels of 25-panel structures for both the case of all panels loaded and for 
the various checkerboard loading patterns required to obtain the maximum 
moments. The moments for all the loading cases and with torsional stiffness 
values of T/K = 0, 1, and 2 are shown in Table 13 for panels with ratios of 
lengths of sides of 0.5, 0.8, 1.0, 1.25, and 2.0. 
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As in the other cases, the torsional stiffnesses of the beams of the 
structure are quite important in determining the changes in moment which are 
caused by checkerboard loading patterns. When the torsional stiffness is 
zero, the positive moment is increased as much as 57 percent and the negative 
moment by as much as 90 percent. The very large increase in the interior 
negative moment occurs across the short side (that is, in the long span) of a 
panel that is twice as long as it is wide. It was shown previously that the 
moment distribution procedure predicts increases for such panel shapes that 
are considerably too high. When the ratio of sides is 1.25) the increase in 
the negative moment is less than 60 percent, and this should be about the 
increase for the longer panel. As the value of T/K is increased to one) these 
increases are approximately halved) and the exterior negative moment may be 
increased by 50 percent. When T/K = 2, the increases in moment are about one-
third those for zero torsional stiffness) and the exterior negative moment 
may be changed about 35 percent. 
While the stiffness of the columns is an important factor in 
determining the increase in moments in a structure which are caused by various 
partial loading patterns, the importance of the col~ns in determining the 
moments in the perpendicular span of an edge panel for the case of all panels 
of the structure loaded is much greater. Moment coefficients for a study of 
the edge panel moments of a nine-panel slab as the stiffness of the columns 
is varied are obtained from the analysis by Stmmonds, and are listed in 
Table 18. The moments are tabulated for two beam stiffness combinations, 
H = J 0.25 and H = 2.5, J = 1.0, and for four column stiffness ratios 
ranging from zero to infinity. 
The positive moments in the slabs are nearly 60 percent greater when 
the columns are flexible than when the columns are rigid. When, however, the 
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value of K is 1.25/(1 + H), the positive moments are only 25 to 40 percent 
c 
greater than for rigid columns. (The value of K (1 + H) equal to a constant 
c 
represents a case in which a fixed column size is used to support slabs on 
beams with different stiffness ratiOS.) This value of K represents nearly 
c 
the lower limit of column stiffness if reinforced concrete columns are to be 
used unless there are columns only below the slab. When K = 3.75/(1 + H), 
c 
the positive moment for the value of H = 0.25 is only 11 percent greater than 
for a value of K of infinity. When the 1 + H term is divided out, K = 3.0. 
c c 
For the same column size and slab thickness, but with H = 2·5, Kc =1.07. In 
this case the positive moment in the slab is still 25 percent greater than 
when K = 00. Similar trends are found for the positive moments in the beams, 
with the moments with flexible columns (K = 0) being 45 percent greater than 
c 
when the columns are rigid when H = 0.25 and 75 percent greater when H = 2.5. 
These data do show quite well one definite trend: As in a frame, 
a given size of column has more effect on the moments in an edge panel when 
the floor system is relatively flexible than when the floor system is relatively 
stiff. 
The moments in the perpendicular span of the edge panel have been 
plotted against a measure of the column stiffness, K /(1 + K ), in Fig. 72. 
c c 
The values of K /(1 + K ) vary from zero to one as the value of K varies from 
c c c 
zero to infinity. The variations of the moments as the column stiffness is 
varied are nearly linear functions of K /(1 + K ) at all critical sections of 
c c 
the panel. In general, the closer the moment section is to the edge of the 
structure (and to the edge columns), the more nearly linear the variation in 
moments. 
5.8 Elastic Moments in Corner Panels 
The corner panels of slab structures are quite important since in 
many structures there are as many corner panels as interior panels, and almost 
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every floor slab has at least four. Unfortunately, however, the analysis of 
corner panels is ~uite complex because of the boundary conditions, and little 
data on the elastic behavior of such panels has been accumulated. Most of the 
available data are based on analyses such as difference e~uations or one of 
the moment distribution techni~ues. The corner panel layout is shown in 
Fig. 73, and the critical moment sections are also shown. 
Appleton (25) reports the results of a difference e~uation solution 
of a series of structures made of four corner panels. However, the difference 
e~uation grid was 6 by 6 divisions per panel, and the ac~uracy of the moments 
is rather poor. There is an appreciable deficiency of total moment as compared 
to the static moment. This deficiency is much larger than the negative moments 
in the plate at the edge columns could possibly be, and for this reason the 
moments for the cases with flexible beams are not reported. The moments for 
the slab supported on rigid beams are reported, however, and are the same as 
the moments for slabs fixed on two adjacent edges and simply supported on the 
other two edges. These moments, and those from the Siess-Newmark moment dis-
tribution solutions, represent the available solutions for corner panels which 
are not s~uare. These moments correspond to one bound on the problem, and 
should serve as the basis for interpretation of some of the other cases. The 
moments for the wall, middle, and interior columns strips are presented in 
TabJ.:€:; 19. 
In each case the wall strip moment intensity is about half the 
middle strip moment intensity. When the panel is ~uite wide, alb = 0.5, the 
interior column strip moments are nearly e~ual to the wall strip moments, and 
for the narrow panel, alb = 2.0, .the interior strip moments are about half the 
wall strip moments. 
The moments obtained by use of the Siess-Newmark moment distribution 
analysis (30) of 25-panel structures are tabulated in Table 20 for several 
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values of torsional stiffness of the supporting nondeflecting beams. The 
moments reported by Appleton are also listed for purposes of comparison, 
although the structures analyzed are not strictly comparable. The moments in 
the corner panels are considerable more sensitive to the torsional stiffnesses 
of the beams than the edge or interior panel moments since the value of J 
determines the restraint conditions on two sides of the panel instead of on 
only one si~e, or none. Even so, when the torsional stiffness ratio is 2, the 
panel moment values at other than the exterior negative moment sections are 
less than 15 percent larger than the moments for all edges fixed ex~ept when 
alb = 2. For alb = 2, the interior negative moment is about 20 percent greater 
than the fixed end moment, but the moment is quite small and consequently the 
increase represents only a small absolute change in moment. 
For T/K = 1, the interior negative moment for a ratio of sides of 2.0 
is 30 percent greater than the fixed-end moment. For all other panel shapes 
the difference is 20 percent or less. The largest positive moment is but 
16 percent greater than the moment in the fixed ended plate. 
The same moment distribution procedure has been used to compute .the 
moments caused by the checkerboard loading patterns on 25-panel structures with 
flexurally rigid beams. The moments are shown in Table 21. Since the restraint 
conditions can be altered.by the partial loadings on only two sides of the 
panels, the increases in moment are considerably smaller than were found in the 
interior and edge panels. The greatest increase calculated for a corner panel 
moment is 35 percent. The greatest increase in an interior panel (Section 5.4) 
was nearly 100 percent. For T/K = 1, the greatest increase, at the exterior 
negative moment section fora ratio of sides of alb = 2.0, is 23 percent and in 
the rest of the cases the increases are less then 20 percent. The greatest 
increase in positive moment is only 14 percent. 
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Moments in square corner panels of nine-panel structures supported 
on rigid columns and beams of various flexural and torsional stiffnesses are 
reported by Morrison (32), and are listed in Table 7 for four combinations 
of beam stiffness. The columns supporting this structure are one-tenth the 
span in thickness. The moments for all critical sections of the structure 
are listed. The corner panel moments and the moments in the perpendicular 
span of the edge panel are shown in the lower portion of the table, and it is 
seen that in no case do the moments differ by more than 20 percent. The 
corner panel positive and interior negative moments are not greatly different 
from the interior panel moments when there are beams present for this case of 
rigid columns and square panels. 
The moments shown in Figs. 70 and 71 for the nine-panel flat plate 
structures with and without edge beams may also be used to illustrate the 
similarities between the moments in the corner panels and in the span perpen-
dicular to the edge of the structure in edge panels. 
The moments in the end span of the structure with no beams are 
shown in the following table. 
Ext. Neg. 
Positive 
Int. Neg. 
End Span Moments, Flat Plate without Edge Beams 
Moment Coefficients, C = M/qa2 
Edge Panel 
Mid. Strip 
0.034 
0.036 
Col. Strip 
0.066 
0.051 
0.094 
Corner Panel 
Mid. Strip 
0.033 
0.038 
Wall 
Strip 
0.052 
0.044 
0.088 
The middle strip moments are nearly identical, and the wall strip 
moments are from 6 to 23 percent smaller than the interior column strip moments. 
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In the flat slab with edge beams, the greatest differences occur 
when the corner panel considered is parallel to a deep beam. The values of 
the beam stiffness parameters are H = 1 and J = 0.25. In this case the corner 
panel middle strip moments are about 20 percent less than the moments in the 
perpendicular span of the edge panel. 
The moments in the following table are from the end span perpen-
dicular to the shallow beam, and from the corner panel parallel to the deep 
beam. The shallow beam stiffness ratios are H = J = 0.25. 
Ext. Neg. 
Positive 
Int. Neg. 
End Span Slab Moments, Flat Plate with Edge Beams 
Moment Coefficients, C = M/qa2 
Edge Panel 
Mid. Strip 
0.017 
0.034 
0.035 
Col. Strip 
0.074 
0.049 
0.089 
Corner Panel 
Mid. Strip 
0.016 
0.028 
0.028 
Wall 
Strip 
0.030 
0.018 
0.045 
The wall strip moment intensities are considerably smaller than the 
column strip moment intensities since there is a relatively stiff edge beam 
supporting the edge of the wall strip. 
Morrison also investigated strip loadings in the nine-panel structures 
and found that only the positive moments could be altered by the loading 
patterns. The positive moments for strip loadings and for uniform loading of 
all panels are shown in Table 8. The maximum increase in the corner panel 
positive moment, occurring when there are no beams, is about 10 percent; the 
presence of beams reduces the increases to nearly negligible proportions. 
The analysis carried out by Simmonds (45) may be utilized in a study 
of both the effects of beam flexural and torsional stiffness and the effects of 
-97-
the column stiffness on the moments in the slabs and beams of corner panels. 
Values of moments for the study of the effects of beam stiffness when the 
columns are rigid are contained in Table 17 for both slabs and beams. The 
moments for the study of the effects of column stiffness are tabulated in 
Table 18 for two combinations of beam flexural and torsional stiffness. 
First consider the case of rigid columns, for which moments are 
listed in Table 17. As either H or J is increased the slab moments decrease, 
except at the exterior negative moment section where increasing J should 
increase the moment. Increasing the value of J also increases the moments in 
the edge beam since increasing the restraint increases the plate reaction on 
the beam along the restrained edge. The interior beam moments show a corre-
sponding decrease as the value of J increases. 
The moments in the perpendicular span of the edge panels are also 
listed in Tables 17 and 18, and are found to be approximately equal to the 
moments in the corner panels in all cases. The agreement is better for the 
higher values of J, but the differences are never large. For a given set of 
beam stiffnesses, the agreement ,between the moments in the edge and corner 
panels is excellent through the entire range of column stiffnesses. It is 
interesting to note that when the beam flexural stiffness is low, the edge 
panel moments are higher than the corner panel moments; when the beams are 
relatively stiff, the corner panel moments are higher. This is observed 
throughout the range of values of the column stiffness ratio. 
The moments in the corner panel for two different combinations of 
beam stiffnesses have been plotted against Kc/(l + Kc) in Fig. 74. At the 
interior negative moment section the moment changes very little as the value of 
K changes from zero to infinity. The changes in moment at the other sections 
c 
are appreciable in magnitude, but in each case the variation is nearly linear 
-98-
with K /(1 + K). The values of K used are those of the interior columns 
c c c 
of the structure. 
These curves differ from those for the perpendicular span of the 
edge panels (Fig. 72) in only one feature. The interior negative moment in 
the slab in the corner panel is completely insensitive to the stiffness of 
the columns, while in the edge panel increasing the value of K decreases the 
c 
moment by as much as 15 percent. Otherwise the two sets of curves could be 
superimposed and no major differences would be found in either the shape and 
slope of the curves or the numerical values. 
6 c MOMENTS MEASURED IN THE TEST STRUCTURES 
6.1 Introductory Remarks 
The moments in the five quarter-scale reinforced concrete slab 
structures tested at the University of Illinois are presented and interpreted 
in this chapter. The structures are: (a) the flat plate, Test Structure No.1, 
(b) the two flat slabs, Test Structures No.2 and No.5, (c) the two-way slab 
with shallow beams, Test Structure, No.4, and (d) the typical two-way slab, 
Test Structure No.3. 
The moments caused by uniform loads on all panels and the partial 
loading patterns which theoretically produce the maximum moments are presented. 
The moments are the total load moments, and include the effects of dead load. 
Total load moments are presented for the interior panel of Test Structure No.5, 
for comparison with those of Structure No.·2. 
The moments were obtained from the measured strains in the reinforce-
ment of the structures. The details of the analysis are given in Appendix A 
of this report. In general the procedure was one of obtaining relationships 
between steel strain and moment for each different reinforcement ratio and 
effective depth of reinforcement in the structures. After these relationships 
had been established, on the basis of both theoretical considerations and tests 
of small beams having depths and reinforcement similar to that of the slab 
sections, the measured strains were used to obtain the bending moments in both 
the slab and beam sections. See Ref. 46 for additional material on the de-
velopment of the moment strain curves. 
The moments are presented in terms of both the moments in kip-inches 
and also in terms of the coefficient C = M/qL3 . The moments in kip-inches are 
tabulated for each of several load levels for each of four test structures. 
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In addition, the coefficients of the moments caused by loading both all panels 
and various partial loading patterns at some specific load level are given. 
The load levels for the different structures are 
(1) Flat Plate l~ psf (Design Load) 
(2) Flat Slab 280 psf (Design Load) 
(3) Typical Two-Way Slab 213 psf (2 Live Loads) 
(4) Two-Way Slab with Shallow Beams 211 psf (2 Live Loads) 
(5) Flat Slab with Welded Wire 
Reinforcement 286 psf (Design Load) 
The moments for the column, middle, and wall strips and the edge beams 
are presented for the flat plate and flat slab structures. For the two-way slab 
structures the moments are presented for the slabs and beam. In addition, the 
moments in the middle and beam strips of the two-way slabs are presented for 
the same load level for which the maximum moments are presented. 
Beam strip moments are made up of the moment in the slab column or 
wall strip plus the moment in the beam supporting the strip. Edge and interior 
beam strips are comparable on either of two bases: the average moments, obtained 
by dividing the moments by the widths of the strips, or using twice the edge 
beam strip moments. 
In an idealized square panel of a structure in which neither the beams 
nor the columns have width, the static moment is 0.125 qL3, where q is the 
intensity of the uniformly distributed load and L is the span length. If, 
however, either or both the columns and beams have finite widths, the static 
moment is reduced because of two effects: (a) part of the load is directly 
over the supports and therefore produces no moment in the span considered, and 
(b) the distance between the centroids of the reactions is reduced to less 
than L. 
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If the beams and columns are the same width, the span of both the 
beams and the slabs becomes L' rather than L. In this case the static moment 
is simply 0.125qL(L,)2, or 0.125 qL3(L'/L)2. This includes the full width of 
the panel, L, but the span is L', provided the beams are deep enough so that 
the critical section is at the face of the beam. 
If there are no beams, an-analysis such as was derived by Nichols (47) 
may be carried out in order to determine the effect of the column size on the 
static moment. Nichols analyzed an interior panel of an infinite array of 
similar square panels subjected to a uniformly distributed load on all panels. 
The supports were circular column capitals. He assumed that the shearing forces 
were distributed uniformly around the edges of the capital, and found that the 
total moment could be expressed as 
M = 0.125 qL3 (1-2/3 c/L)2 
o 
(6.1) 
where c = diameter of the capital or column. This expression can be replaced 
by the simpler expression 
M 
o 
with no loss of accuracy (48). 
0.125 qL3 (1 - 1.25 c/L) (6.2) 
Expressions of the same form were derived for square column capitals, 
with the exact expressions depending on the assumption made about the distribu-
tion of the shearing forces at the edges of the capital (48). If the shear is 
assumed to be uniformly distributed around the capital, the static moment is 
M = 0.125 q13 (1 - 1.45 c/L). 
o 
If the shear is assumed to be concentrated at the corners of the capitals, the 
static moment is 
M 
o 
0.125 qL3 (1 - 1.95 c/L). (6.4) 
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The application of Nichols l analysis to the individual panels of the 
test structures is not strictly correct because of the lack of complete 
symmetry in all but the interior panels of the two-way slab structures. Further-
more, problems arise about the distribution of the shearing forces around the 
capital, even if the twisting moments at the face of the capital are ignored. 
For example, the. static moment, on the basis of the shear being uniformly dis-
tributed around the column capital, is 0.1069 qL3 for the flat plate structure, 
and 0.0888 qL3 for the flat slab structure. 
The problem is somewhat more complex if the beams are narrower than 
columns, as was the case for the 2 two-way slab structures tested. However) if 
a reasonable distribution of the shearing forces in the slab at the support 
sections is assumed, the problem may be analyzed in a manner analogous to 
Nichols' analysis. 
The most important additional assumption is that no shear is trans-
ferred directly to the columns by the slab, but that all of the load is 
transferred from the slab to the beams and then to the columns. As long as 
the columns are not considerably wider than the beams this is a reasonable 
assumption. The principal result of this assumption is that half the shear 
is concentrated at the faces of the beams and the rest at the faces of the 
colQmDs. A general equation for the static moment in terms of column and beam 
widths relative to the span could be derived, but it would be more complex than 
working out the answer in terms of the numerical dimensions for each specific 
case. 
In the two-way slabs tested, the ratio clL was 0.1 for the columns 
and the ratio of the column thickness to the beam width was 2. For these condi-
tions, and considering that the load was applied to the structure at 16 discrete 
points rather than being uniformly distributed, the static moment for either an 
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interior panel or the span parallel to the edge of the structure in the edge 
panel was found to be 0.1062 qL3 . In the corner panel and perpendicular span 
of the edge panel, the static moments were 0.1093 qL3 . 
6.2 Flat Plate Structure 
The moments for Test 106, during which the flat plate structure was 
first loaded to the full design load of 140 psf, are listed for each different 
panel span in Tables 22 through 30. These moments are tabulated in terms of 
kip-inches for each strip and beam at each load level and are for the total 
load, including the dead load. The design moments shown correspond to 140 psf 
total load. In addition, the moment coefficients, C = M/qL3, are shown in 
Fig. 75 for the design load. The coefficients of the moments caused by the 
strip loading patterns at the same load level are also shown in this figure, 
and are the numbers enclosed in parentheses. 
The relationships between the measured total moment (the sum of the 
positive moment plus the average of the negative moments in the panel) in each 
of the panels, the design total moments, and the static moment have been dis-
cussed by Hatcher (6). Only the essential details of this discussion are 
presented here. The measured total moments at the design load and the static 
moments, computed on the basis of a uniform distribution of shear around the 
column, are given in the following table. All moments are in terms of M/qL3. 
Total Moments in Individual Panels of the Flat Plate 
Panel A B C D E F G H J 
Measured M 0.107 0.095 0.100 0.114 0.103 0.089 0.103 0.092 0.097 
Static M 0.107 0.107 0.107 0.103 0.106 0.103 0.114 0.114 0.114 
Measured M 
, % 100 89 93 111 97 86 90 81 85 Static M 
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The greatest differences between the measured total moment and the 
static moment are +11 percent and -19 percent. The average for,the nine panels 
is -8 percent. On the basis of the shear concentrated at the corners of the 
columns, the average is -5 percent. A difference of 20 percent in a given panel 
does not necessarily imply an error of 20 percent, since, through "leakage" of 
moment from one panel to the next, the adjoining panels can help the panel 
carry the total moment. 
The moments for all panels loaded shown in Fig. 75 illustrate several 
items, In the edge and corner panels, the middle strip moments are much more 
sensitive to the stiffness of the beam parallel to the span considered than to 
the stiffness of the beam across the end of the span. This is true of both the 
positive and negative moments. 
The interior span and end span interior negative moments in the column 
strips are, on the average, equal; in the most extreme case the end span 
moment is 5 percent greater than the interior span moment. The column strip 
positive moments in the end spans are 13 percent greater than those in the 
interior span. The middle strip positive moments in the end spans average 
50 percent greater than in the interior span. However, if the panels adjacent 
to the deep edge beam are not included in the average, the end span moments 
are 24 percent greater than in the interior span. The middle strip positive 
moment in Panel F seems quite small, and the total moment for the panel is 
86 percent of the static moment, so this moment may be in error. 
The moments in the entire structure are relatively insensitive to 
changes caused by strip loading patterns. The interior negative moments in 
the column strips in the end spans are increased about 5 percent by the strip 
loadings. In no case is either the column strip or middle strip positive 
moment in the end spans increased by more than 15 percent. The interior panel 
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middle strip positive moment is increased 37 percent, but neither of the 
adjacent column strip moments is increased by the same loading pattern. 
6.3 Flat Slab Structures 
The moments in each of the nine panel cases for Test 208, during 
which the first flat slab structure was loaded to its full design load for the 
first time, are listed in Tables 31 through 39. Moments are given for each 
beam, middle strip, column strip, and wall strip for both positive and 
negative moment sections. The design moments shown correspond to 280 psf total 
load. The coefficients of the moments at the highest load level are shown in 
Fig. 76. The coefficients of the moments caused by strip loading patterns are 
also shown in Fig. 76, and are enclosed in parentheses. The coefficients are 
in terms of M/qL3. The moments in the tables are given in kip-inches. 
The interior panel moments for the flat slab reinforced with welded 
wire mats are given. The moments for four load levels are listed in Table 40. 
The design moments are for a total load of 286 psf. In addition, the total 
moments in the interior panels of both flat slab structures are plotted against 
the unit load in Fig. 77. The static moment is also plotted. The agreement 
between the total and static moments is excellent. 
The agreement between the moments in the interior panels of the two 
flat slabs is quite good. The total negative moment in the structure reinforced 
with welded wire is about 5 percent greater, and the positive moment 18 percent 
less, than the moments in the first flat slab structure. 
The coefficients of the moments measured in the flat slab reinforced 
with welded wire under the design load are showll in Fig. 78. The interpreta-
tion of the data is nearly complete, and these are the final values of the 
moments. These moments are not discussed, however. While there are some dif-
ferences between these moments and those in the first flat slab structure, the 
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moments in the flat slab reinforced with welded wire mats exhibit the same 
general trends as were observed in the flat slab which had plain 1/8-in. square 
bars as reinforcement. 
As in the case of the flat plate) these moments have been studied by 
Hatcher (6)) and only the total panel moments are examined here. The measured 
total moments and the static moments for each of the nine panels are listed in 
the following table. The moments are in terms of the coefficient C = M/qL3. 
Total Moments in the First Flat Slab 
Panel A B C D E F G H J 
Measured M 0.112 0.085 0.113 0.114 0.087 0.132 0.112 0.083 0.130 
C-l-~-l-'; ~ 1-1f r\ ,r\, r\ r\("'\1. r\ , ("'\, r\ , ,,1'"\ 1'"\ 1'"\00 1"\ ., 1"\' 1"\ , ., " 1"\ ., 1"\ 1. 0.109 u va V..LC l.'l. V • ..LV..L V.V7"+ V • ..LV..L V • ..LVV v.vvu V • ..LV..L V • ..L..LV V • ..LV'+ 
Measured M % 111 90 112 114 99 131 102 80 119 Static M ) 
In the flat slab which was reinforced with weld wire mats) the interior 
panel total measured moment was 0.087 qL3 , or 99 percent of the static moment. 
The moments in the flat slab are slightly less consistent than those 
in the flat plate. The greatest deviations from the computed static moments 
are +31 and -20 percent. The average difference for the nine panels is +6 per-
cent. It should be pointed out, however) that the computed static moments in 
the edge and corner panels are quite approximate. The distribution of shearing 
forces among the various column capitals, edge beams, and edge brackets is not 
as easily determined or estimated as is the distribution in the interior panels. 
In an interior panel the static moment may be determined quite precisely, and 
in the interior panel the measured total moment and the computed static moment 
are within one percent of the same value. 
An examination of the moments in Fig. 76 shows that in the flat slab 
structure the end span moments are appreciably larger than the interior span 
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moments. The end span column strip negative moments average 11 percent larger 
than the interior span moments, and the positive moments are even more 
different. The end span positive moments in the column strips average 40 per-
cent larger than their interior span counterparts, and the middle strip moments 
are 36 percent larger. This is a reflection of the fact that the edge columns 
were relatively flexible. The columns were both appreciably longer and smaller 
in cross section than those supporting the flat plate structure and therefore 
gave relatively less restraint to the end spans. The distribution of the 
positive moments across the width of the structure is nearly uniform, with the 
column and middle strips carrying nearly equal moments. 
The edge and corner panel middle strip moments are nearly independent 
of the depth of the beams supporting the edges of the panel. Only the wall 
strip moments are appreciably altered by the size of the edge beam. The wall 
strip positive moments adjacent to the shallow beams are 2 to 3 times the 
moments adjacent to the deep beams. The differences in the negative moments 
are even greater except at the corner columns. 
The increases in moment caused by loading strips of the structure 
rather than the entire structure are in general small. Most of the increases 
are of between 10 and 20 percent, or less, except that the positive moments 
in the edge beams may be subjected to increases as high as 50 percent. The 
slab moments in the wall strips are subjected to large increases in some 
instances, but the moment values are quite small in these cases so the absolute 
change is not large. 
6.4 Two-way Slab with Shallow Beams 
The moments at each of the critical moment sections of the slabs and 
beams of the two-way slab with shallow beams are contained in Tables 41 and 
42. The moments are listed for each of eight load levels ranging from 180 psf 
-108-
total load (dead load plus 1-1/2 live loads) to 415 psf total load (dead load 
plus 5 live loads). These moments have been studied by Vanderbilt (8). The 
moments resulting when all panels of the structure were loaded to twice the 
design live load (170 psf applied load plus 41 psf dead load) are shown in 
Fig. 79 for each of the slab and beam sections. In addition, the maximum 
moments caused by the .various checkerboard loading patterns are shown in 
parentheses in the same figure. These moments are in terms of the coefficient 
C = M/qL3, and are for the total load. The maximim moments are obtained from 
loading patterns in which the Tlunloaded" panels were loaded with 34 psf applied 
load in order to raise the total load to the design dead load. 
The moments for the 211 psf total load level have also been computed 
for the middle and beam strips. These strip moments are shown in Fig. 80, 
and are in terms of the coefficient C = M/qL3. 
The total moment coefficients in each of the four panel cases are 
compared to the computed static moment coefficients in the following table. 
The moment coefficient is C = M/qL3 . 
Moments in the Two-Way Slab with Shallow Beams 
Panel B C E F 
Measured M 0.102 0.104 0.102 0.104 
Static M 0.109 0.109 0.106 0.106 
Measured 1'·1 % 94 95 96 98 Static M ) 
The agreement between the static moment and the computed total moment 
is quite good in each of the panels. The greatest difference is a measured 
moment six percent less than the computed static moment. The average deficiency 
of measured moment is four percent. 
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The moments in the end span of the structure are larger than those 
in the interior span in most cases. The positive moments in the end spans 
are from 15 to 35 percent greater than the interior span positive moments. The 
negative moments on the two sides of the first interior column. line are 
comparable. 
The increases in the interior span positive moment are larger than 
the increases in the end span moments when the moments caused by checkerboard 
loading patterns are considered. The effect of this is to make the maximum 
moments in the two spans more nearly e~ual than are the moments when all panels 
are loaded. The greatest increase in moment is 20 percent, and occurs in the 
positive moment sections of the parallel span of the edge panel. 
The maximum moment loading patterns applied to this structure were 
the checkerboard loading patterns. Theoretical considerations indicate that 
greater increases might have been obtained if strip loading patterns had been 
applied since the beam stiffness ratio, H, was approximately one. The relative 
column stiffness was ~uite high, however, and this should have been sufficient 
to prevent the increases in moments caused by the checkerboard and strip 
loading patterns from being appreciably different 0 
The moments in the middle and beam strips (Fig. 80) are of interest 
since they may be compared directly with the moments in the strips of the flat 
,plate and flat slab structures 0 This comparison is made in Chapter 70 The 
positive moments in the middle strips are nearly e~ual) and. the middle strip 
negat'ive moments are within 15 percent of the same value. The edge strip 
moments are about half the interior strip moments, as would be expected. 
605 Typical Two-Way Slab 
The moments for each of the 20 critical sections of the typical 
two-way slab at each of 10 load levels ranging from dead load only (41 psf) 
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to 4 times the design live load (353 psf total load) are listed in Tables 43 
and 44. These moments included the effects of the dead load of the structure 
in every case. The coefficients of the moments at twice the design live load 
(213 psf total load) are shown in Fig. 81 for each of the slab and beam 
sections. Also shown in this figure are the moments resulting from the dif-
ferent checkerboard loading patterns. The measured moments in the beam strips 
and middle strips are shown in Fig. 82. 
The moments at twice the design live load level are shown in Table 45 
for three conditions of loading: (a) all panels loaded) (b) single panels 
loaded) and (c) checkerboard loading patterns. The interior negative slab 
moments for "single panel loadings" are the result of superposing the moments 
caused by loading the two panels adjacent to the negative moment section 
considered. Thus) the negative moment "single panel loading" consists of 
loading two adjacent panels. 
Most of the stuqy of the moments has been carried out at a load level 
of twice the design live load plus the dead load since at the design load level 
the strains measured in the reinforcement were so small that they were com-
parable to the range of error of the measurements. The total panel moment 
coefficients for twice the design live load are shown in the following table) 
as are the computed static moments. The moments are in terms of the coefficient 
Moments in the Typical Two-Way Slab 
Panel B C E F 
Measured M 0.113 0.111 0.114 0.115 
Static M 0.109 0.109 0.106 0.106 
Measured M ) % 104 102 108 108 Static M 
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At this load level the static moments and the total measured moments 
are in reasonably good agreement. The measured total moments .average about five 
percent larger than the static moments. The total panel moments have been 
plotted against the total unit load in Figs. 83 through 86 for the four dif-
ferent panel cases. The static moments have also been plotted in the same graphs 
so that comparisons may be made throughout the range of loading. 
The end span total moments ·(Panels Band C, Figs. 83 and 84), plot 
very close to the static moment line throughout the entire range of loading. 
The greatest deviations of the measured total moment from the static moment in 
the interior panel is about -10 percent, and +11 percent in the parallel span 
of the edge panel (Panels E and F, Figs. 85 and 86). Each of these differences 
occurs at one load level. 
As can be seen in Fig. 81, the positive moments in the slabs are 
independent of whether the panel is in the interior or end span. On the other 
hand, there are differences of from 10 to 25 percent between the negative 
moments on the two sides of the interior row of columns. The positive moment 
in the end span of the interior beam is 30 percent greater than the interior 
span moment in the same beam, while the edge beam moments in the two spans are 
nearly equal. The exterior negative moments in the end spans of the beams are 
about 60 percent as large as the interior negative moments. 
The values of the maximum moments shown in Fig. 81 indicate that the 
moments in the slab are not increased appreciably by the checkerboard loading 
patterns; the maximum i.ncrease is 12 percent. The increases in the beam 
moments are i.n genera.l small also. The end span interior beam pos it i ve moment 
is increased 27 percent, and at the rest of the critical sections the increases 
are less than 15 percent. 
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The moments in the various middle and beam strips for Test 314 
(213 psf total load) are shown in Fig. 82. All of the middle strip positive 
moments are comparable) as are the edge beam strip positive moments. The 
interior beam strip positive moment in the end span is 30 percent greater than 
in the interior span. 
Except in the edge beam strip) the interior negative moments in the 
end span are appreciably higher than the interior span negative moments. In 
the middle strips the end span negative moments are nearly 25 percent greater 
than the interior span moments. The beam strip negative moment in the end span 
is about 12 percent greater than in the interior span. In the end spans) the 
exterior negative moments in the beam strips are about 60 percent as large as 
the interior negative moments) or 65 percent of the interior span negative 
moments. 
7. COMPARISONS OF RESULTS OF TESTS WITH THEORETICAL ANALYSES 
7.1 Introductory Remarks 
In this chapter the moments in the reinforced concrete test struc-
tu.res are compared with those indicated by the elastic analyses. The moments 
in the flat plate structure are considered in Sec. 7.2, and in the flat slab 
, structure in Sec. 703. The two-way slab with shallow beams is examined in 
Sec. 7.4. Comparisons of the typical two-way slab are made in Sec. 7.5. The 
trends of the moments as the beam stiffness is changed are examined in Sec. 7.6. 
In any comparison, the similarities and differences between the 
structures tested and the idealized structures analyzed must be examined. The 
comparisons may be made on the basis of both the external physical character-
istics of the structures and the internal properties of the materials. 
The greatest physical differences between the test and idealized 
structures occur in the supports. In the test structures the supporting beams 
and columns all have finite widths and thicknesses. In the available analyses 
the colQmns may have finite thicknesses, or be dimensionless. The beams, on 
the other hand, are always of zero width. In all cases the neutral axes of 
the beams and slabs in the idealized structures are at the same level so that 
there can be no composite behavior in which part of the slab acts as the flange 
of a T-beam section. In almost all real structures part of the slab acts with 
the beams unless special provisions have been taken to prevent composite 
action. 
The material of the test structures is reinforced concrete; that of 
the structures analyzed is an ideal elastic, homogeneous) and isotropic material. 
The reinforced concrete is not linearly elastic, and is subject to additional 
irreversible effects such as creep, shrinkage, cracking, and yielding. 
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Several nine-panel structures were analyzed which have physical 
characteristics quite similar to the characteristics of the structures tested. _ 
In one series the columns, although rigid, were the same size as in three of 
the test structures. In this case the rigid columns are not a serious dif-
ficulty since the stiffness ratios of the columns of the structures tested were 
quite high. A second series of structures analyzed had columns of finite 
flexural stiffness, although the columns had no thickness. 
In spite of the differences, however, a reasonably good correlation 
between the moments in the test structures and the theoretically predicted 
moments is found. The fact that the test structures have supporting beams and 
columns wi~h finite widths makes the numerical values of the moments less than 
those in the idealized structures. 
7.2 Flat Plate 
A structure similar to the flat plate test structure was analyzed, 
and the moments which were found are shown in Fig. 87 for the various strips 
and beams of the structure. The moments observed in the test slab are also 
shown in the same figure, and are enclosed in parentheses. 
The theoretical moments in the structure are discussed in Sec. 5.7, 
and are also shown in Fig. 71. The structure has rigid columns one-tenth the 
span in thickness. The edge beams are of two different stiffnesses. The deep 
beams, located on two adjacent sides of the structure, have the stiffness ratios 
of H = 1, J = 0.25. The shallow beams have stiffness ratios of H = J = 0.25. 
The beams in the idealized structure which was analyzed had the 
same flexural and torsional stiffnesses as those of the reinforced concrete 
structure. The beams had zero width, and the neutral axis position was at the 
same level as the neutral surface of the plate so there was no T-beam action. 
The columns of the idealized structure were rigid, and had the same cross 
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sections as the columns in the test structure. The computed stiffnesses of 
the columns in the test structure were large enough to supply nearly 90 percent 
of the rigid column restraint at the interior columns and 80 percent at the 
edge columns. 
A gross comparison of the moments in the test structure with the 
theoretical moments shows two important differences. One is that the measured 
total negative moment at the edge of the test structure was only about 60 per-
cent of the theoretical value. The second is that the middle strip interior 
negative and positive moments in the end spans are in general 20 to 30 percent 
greater than the theoretical values of these moments. 
The positive moments in the interior span, except the middle strip 
moment in Panel D, are in good agreement with the theoretical moments. The 
positive moment in the middle strip of Panel D is 70 percent greater than the 
theoretical moment, while in each of the other strips the difference is less 
than 10 percent. The total measured moment in Panel D) however, is 11 percent 
greater than the computed static moment. If most of the difference between 
the total moment and static moment were concentrated in this section, the 
moment would be comparable to the theoretical value of the moment. 
The total of the negative moments across the structure in the 
interior span of the test structure is nearly the same as the total of the 
theoretical moments. The distributions of these moments, however, are somewhat 
different. The measured middle strip negative moments are as much as 30 per-
cent greater than the theoretical moments. The column strip negative moments 
in the test structure are about twice the middle strip moments and are not 
over 10 percent smaller than the theoretical values. The wall strip negative 
moment adjacent to the deep beam is about one-quarter the theoretical value. 
This difference is an indication of the composite T-beam action as the slab 
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and beam act together. In the flat plate structure, about half the wall 
strip was considered to be part of the beam. Adjacent to the shallow beam in 
the wall strip, the measured and theoretical moments are approximately equal 
since no composite action was assumed in obtaining the moments from the 
measured strains. 
The differences between the measured and theoretical moments in the 
end spans of the structure are greater than is the case in the interior span. 
This should be expected, however, since the end span moments are much more 
sensitive to the stiffness of the columns than are the interior span moments. 
The total exterior negative moment in the end span perpendicular to 
the shallow beam is about 60 percent of the theoretical value. Of all the 
critical moment sections of the structure, the exterior negative moment 
section is the most sensitive to the stiffness of the edge columns. The end 
span positive moment across the width of the structure is nearly 20 percent 
greater than the theoretical moment, and the interior negative moment is about 
10 percent larger. The total measured moment in the end span is the same as 
the theoretically determined total moment. 
In the positive moment section, most of the difference between the 
measured and theoretical moments is i.n the middle strips. The measured 
positive moments are as much as 60 percent larger than the theoretical moments. 
The column strip positive moments are nearly the same as the theoretical values 
of these moments. 
At the interior negative moment sections of the end span, the 
differences between the theoretical and measured moments are about the same 
as in the interior span. The middle strip moments, which are the same for 
both spans, are about 30 percent greater than the theoretical moments, and the 
column strip moments about 10 percent lower. In addition, the spandrel beam 
moments are 50 to 60 percent larger than the analysis indicates. 
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The sum of the exterior negative moments in the theoretical structure 
is 0.148 qL3 across the deep edge beam and 0.147 qL3 across the shallow edge 
beam. The theoretical total edge moment was insensitive to the change in H 
from 0.25 to 1.0 although the distribution of the moment changed. The tor-
sional stiffness parameter is J = 0.25 for both the deep and shallow edge beams. 
The measured exterior negative moments were 0.100 qL3 across the deep edge 
beam and 0.087 qL3 across the shallow edge beam. That they should be lower 
than the theoretical moments is to be expected. The test structure had 
flexible columns) while the theoretical structure had rigid columns. 
Part of the measured difference in moments between the edges 
perpendicular to the deep and shallow beams is explained by the differences 
between the locations of the critical sections at which the moments are 
measured. Along the deep edge beam) the critical section at the face of the 
edge beam was at the centerline of the columns) as is the case in the structure 
analyzed. Along the shallow beam edge) however, the face of the beam was at 
the face of the column, two inches away from the centerline of the columns. 
Since the moment gradient is quite steep in the negative moment region, a shift 
of two inches in the location of the section at which the moments are measured 
can easily account for the 13 percent difference in moments. 
The measured and theoretical total positive moments in the end span 
compare reasonably well with each other. The measured total moments are 
0.145 qL3 and 0.155 qL3 for the spans perpendicular to the deep and shallow 
edge beams, respectively. The comparable theoretical moment coefficients are 
0.130 and 0.127 for the deep and shallow beam spans. 
At the interior negative moment sections in the end spans, the total 
measured moments are 0.194 qL3 (compared to a theoretical moment of 0.190 qL3) 
and 0.207 qL3 (compared to a theoretical moment of 0.191 qL3) for the spans 
perpendicular to the deep and shallow beams. 
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The moments obtained when all panels of the test structure were loaded 
are shown in Fig. 75. The moments which were caused at some of the critical 
design sections by strip loading patterns are also shown in the figure. 
If the columns were rigid and the load entirely movable, the interior 
span positive moment when only the interior strip of panels is loaded should 
be about 20 percent greater than when all panels are loaded. (Section 5.5) 
The strip loading pattern should likewise produce a 10 percent increase in 
positive moment in the end spans. For the ratio of dead load (44 psf) to 
applied loading (96 psf) which existed in the test structure, the increases 
should be 14 and 7 percent in the interior and end spans, respectively. 
Across the width of the structure, the interior span positive moment 
was increased 13 percent. The increase was 6 percent in the end span perpen-
dicular to the shallow beam and zero in the span perpendicular to the deep edge 
beam. Thus) the effect of the columns of the test structure on the maximum 
moments attainable was that of rigid columns. This seems plausible when it 
is considered that the cracking was more advanced in the slab than in the 
columns. Not all of the reduction in maximum moment need be attributed to the 
stiffness of the columns, however. Cracking of the concrete changes the 
relative stiffnesses of different elements of the structure. 
The interior negative moments in the end span perpendicular to the 
shallow beam were increased more by the strip loading patterns than the 
theoretical analyses for very stiff columns would indicate. The beam moments 
and the column strip moments were increased about 10 percent) while the middle 
strip moments were not appreciably changed. There were no changes of 
practical significance found in the span perpendicular to the deep beam. 
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7.3 Flat Slab Structure 
In the case of the flat slab structure there are no analyses of 
nine-panel structures having the same size column capitals and the same stiff-
ness of edge beams to use for the purposes of comparison. For this reason the 
interior span moments are compared with those in a typical interior panel. The 
effect of the drop panels is ignored. In the structure tested) the column 
capital width was 0.2 times the span, or clL = 0.2. The results of two 
elastic analyses of interior panels in which clL = 0.2 are shown in the fol-
lowing table) as are the moments found in the test structure. In the panel 
considered by Nielsen (49)) the shearing force was assumed to be uniformly dis-
tributed around the capital. The capital was not rigid) and the moment of 
inertia varied from that of the plate at the edge of the capital to infinity 
at the center. In the analysis by Co~ley (28)) the shear was assumed to be 
concentrated at the corners of the capitals) and the capitals were rigid. The 
moments are in terms of coefficients of M/qL3. 
Pos. 
Neg. 
MOMENT COEFFICIENTS IN INTERIOR PANELS OF FLAT SLABS) clL 0.2 
Moment Coefficient C = M/qL3 
Nielsen 
Mid. Str. Col. Str. 
0.015 
0.019 
0.021 
0.035 
Corley 
Mid. Str. Col. Str. 
0.013 
0.012 
0.019 
0.035 
Test Structure 
Mid. Str. Col. Str. 
0.013 
0.023 
0.015 
0.038 
The agreement between the moments found in the test structure and 
those found in the panel analyzed by Nielsen is good. The negative moments in 
the test structure are about 13 percent larger than the theoretical moments and 
the positive moments about 20 percent smaller. Since the interior panel of the 
test structure was bordered only by edge panels) and the structure was supported 
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on relatively light columns, the negative moments may reasonably be expected 
to be larger and the positive moments smaller than those in a typical interior 
panel. 
Since the capitals at the edge columns were smaller than at the 
interior columns) the effective span of the edge beam strip was somewhat greater 
than that of the interior column strip. This, however, should not alter the 
moments in the middle strips of the edge panels appreciably, and these moments 
are compared to those computed by Nielson for an interior panel in the 
following table. 
COMPARISON OF EDGE PANEL MIDDLE STRIP MOMENTS WITH THEORETICAL MOMENTS 
Moment Coefficient C = M/qL3 
POSe 
Nielsen 
0.015 
0.019 
Parallel to Shallow Beam 
0.016 
0.018 
Parallel to Deep Beam 
0.015 
0.019 
The agreement between the measured and theoretical moments is 
excellent. In each case the total middle strip moment, the sum of the positive 
3 and negative moments, is 0.034 qL. In the interior panel the measured total 
moment is 0.036 qL3 in the middle strip. 
There are no available analyses which consider flat sla.b edge panels 
in which there are edge beams. The moments in the deep edge beam of the flat 
slab structure, in panel F, Fig. 76, seem to be excessively large. The total 
measured moment in the panel is 31 percent larger than the computed static 
moment, and it seems that most of the excess moment must be concentrated in the 
edge beam. 
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There are no analyses of end span panels which are strictly applicable 
to the flat slab structure since the clL ratio is 0.2. The analysis of a nine-
panel structure with clL = 0.1 is available, however, and is discussed in 
Sec. 7.2. 
In an interior panel, increasing the column capital size decreases 
all of the moments in the panel. As the ratio of clL is increased, the positive 
moment takes a slightly larger portion of the static moment, and the negative 
moment carries a smaller portion of the static moment. The change, however, is 
so slight that no appreciable error results in assuming that the portions of 
the static moment carried by the critical sections do not change as the capital 
size is increased. On this basis the trends of the analysis of the flat plate 
structure may be extended to the flat slab structure. 
In the flat slab structure the measured end span positive moments 
across the width of the structure, 0.149 qL3 perpendicular to the shallow beam 
and 0.144 qL3 perpendicular to the deep beams, are about 40 percent greater 
3 than the interior span total positive moment, 0.104 qL . 
On the basis of the analysis of the flat plate structure, which has 
rigid columns, the end span positive moments should be about 15 percent larger 
than the interior span positive moment. For edge columns of zero flexural 
stiffness, the end span moment is about 1.8 times the moment in a typical 
interior span. The end span positive moments of about 1.4 times the interior 
span moments are about midway between the moments corresponding to rigid and 
completely flexible columns, which is reasonable. The computed column stiff-
ness is K = 1, which should provide about half the restraint of a rigid column. 
c 
The exterior negative moments should be less affected by the 
differences in the static moment than the moments at the other sections since 
these moments are directly dependent on the column restraint for their existence. 
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The total measured moment in the flat slab structure at the shallow beam edge 
was 0.077 qL3, and is almost exactly half the moment, 0.147 qL3, computed for 
the flat plate supported on rigid columns. At the deep beam edge the measured 
total moment was 0.119 qL3, and the theoretical total moment 0.148 qL3. 
The measured moment across the shallow edge beam seems to be of the 
correct magnitude when the real column stiffness is considered, but the moment 
across the deep beam seems unreasonably high. There is, however, a difference 
in the locations of the critical moment sections at the two edges of the 
structure. Along the edge perpendicular to the deep beam, the critical section 
at the face of the beam is 0.25 in. from the column centerline. At the shallow 
beam edge the face of the beam is 2.75 in. from the column centerline. Since 
the moment gradiant in the negative moment region is steep, the differences in 
locations of the critical moment sections make an appreciable difference in 
the moments measured at these sections. 
The interior negative moments in the end spans are less than 10 per-
cent larger than the interior span nega.tive moments 0 This also indicates that 
the edge columns are relatively stiff. 
The maximum moments caused by loading parallel rows of panels are 
shown in Fig. 76 for several of the critical design sections of the flat slab 
structure. 
The total positive moment across the 'width of the test structure is 
0.104 qL3 when all panels are loa.ded, and increases by 20 percent to 0.125 qL3 
when only the center strip of panels is loaded. If the columns have no flexural 
stiffness the positive moment in the interior span of a three span structure 
should be more than doubled by loading only the interior row of panels as 
compared to the moment when all panels are loaded. If the columns are rigid, 
the increase should be about 20 percent. 
-123-
The columns supporting the flat slab structure were not rigid. The 
increase in the interior span moment corresponds to that for rigid columns, 
however. This difference between the theoretical and observed behavior of the 
structure is quite important since it indicates that the maximum moments in a 
reinforced concrete structure may be considerably less than those in the 
corresponding idealized elastic structure. 
If the columns have zero flexural stiffness, the end span positive 
moment across the entire width of the structure should be increased about 
30 percent by the strip loading patterns. When the columns ar~ rigid the 
increase should be about 10 percent. In the end span perpendicular to the 
shallow beam, the average increase was 19 percent. In the span perpendicular 
to the deep beam, the increase was 7 percent. In both spans, the deep beam 
moment is increased the most, by up to 40 percent, and slab column strip 
moments are not increased. The middle strip moments are increased as much as 
25 percent in the span perpendicular to the shallow beam, and lesser amounts 
in the span perpendicular to the deep beam. 
The increases in the end span interior negative moments were extremely 
small. These increases, less than 5 percent, correspond to those for nearly 
rigid col~~s although the columns were rather flexible. The small magnitude 
of this increase is an important consideration in design. 
7.4 Two-Way Slab with Shallow Beams 
Of the different structures analyzed by Morrison (32), none have beam 
stiffness ratios that match those of the two-way slab with shallow beams. 
However, the columns of the structures analyzed are the same size as those in 
the structure tested and it is possible to make some comparisons. 
For this purpose, moments for a structure in which H = 1 were derived 
from available solutions for different values of H. The moments in the slabs 
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and beams were plotted against the beam stiffness ratio for three support cases~ 
H J = 0; H J = 0.5; and H = 2.0, J = 0.5. The values for the case of H = 1, 
J 005 were then read from the curves, The moments are approximate) but are 
within about 5 percent of the true values for this beam stiffness ratio. 
The moments obtained are shown in Fig. 88 for the case of H = 1, 
J = 0.5. The columns are rigid, and clL = 0.10. The moments measured in the 
test structure are also shown in the same figure and are enclosed in parentheses. 
The total theoretical moment at the exterior negative moment section 
of the span is 0.162 ~L3, while the total measured moment across· the width of 
the structure is 0.122 ~L3. The edge and corner columns thus provided 75 per-
cent as much restraint as the rigid columns assumed in the analysis. The 
computed stiffness of these columns were ve~ high, and indicated a restraint 
of about 85 percent of the rigid column restraint. 
The measured end span positive moment across the entire width of the 
structure, 0.146 ~L3, was 25 percent larger than the theoretical value. Such 
a difference is to be expected since the exterior columns were not rigid as was 
assumed in the analysis. The total theoretical and measured interior negative 
moments in the end span were nearly the same. 
In the end span, the measured positive slab moments were about 30 per-
cent larger than the theoretical moments. The corner panel interior negative 
moment is somewhat smaller than the theoretical moment as is the interior 
negative moment in the end span of the interior beam. 
The theoretical spandrel beam moments in both spans are lower than 
the measured moments except at the corner column, where the theoretical support 
is a rigid column. The stiffness of the spandrel beams in the theoretical 
structure is H = 0,5, while the computed stiffness of the actual beams was 
about H = 0.(, so this difference is not unreasonable, In this relatively low 
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range of stiffnesses, the beam moments are quite sensitive to changes in the 
beam stiffness (Fig. 56). 
In the interior span the total measured positive moment was 0.117 qL3 
3 and the theoretical total moment was 0.114 qL. The measured total negative 
moment, 0.196 qL3, was eight percent less than the theoretical moment, 0.213 qL3. 
In the positive moment section the spandrel beam moment was 37 per-
cent larger than the theoretical moment. The other moments were not more than 
15 percent different from the theoretical moments. At the negative moment 
section, both the interior beam moment and the edge panel moment were lower 
than the theoretical moments. The negative moment in the parallel span of the 
edge panel was 10 percent lower than the theoretical moment, and the interior 
beam negative moment was about 20 percent lower. 
In general, the agreement between the measured and theoretical 
moments is good. If the flexibility of the real columns were taken into 
account in the theoretical analyses the agreement between the measured and 
theoretical moments would be considerably improved since column rotations 
increase the end span positive moments and reduce the exterior negative moments 
to more reasonable values. 
Simmonds analyzed a series of structures which had beams of about 
the same stiffness as those in the test structure. In the structures analyzed 
the column stiffness was finite, but the columns had no lateral thickness. 
Consequently the static moment is 15 to 18 percent larger than in the test 
structures. 
The beam stiffness ratios of H = J = 1 for the interior beams and 
H = J = 0.625 for the edge beams match those of the test structure well. The 
moments in the theoretical structure are not examined in detail, however, 
because of the large differences in the static moments. Only the exterior 
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negative moments are studied since these moments are -the most dependent on the 
column stiffness. 
The total theoretical exterior negative moment across the width of 
the structure is plotted against a measure of the column stiffness, K /(1 + K ), 
c c 
in Fig. 89. A -value of K /(1 + K ) of one represents the case of a rigid 
c c 
column. In the test structure the measured exterior negative moment was 75 per-
cent of the theoretical moment for rigid columns and c/L = 0.10. In this 
analysis, an exterior negative moment of 75 percent of the moment for rigid 
columns corresponds to a value of-K /(1 + K ) of about 0.83, and K 
c c c 
5. The 
computed value of K for this structure was 7. The computed restraints 
c 
corresponding to K = 5 and K = 7 are 83 and 87 percent of the restraint a 
c c 
rigid column would give, so the difference in restraint is much less than the 
difference in the two relative stiffnesses. 
7.5 Typical Two-Way Slab 
The typical two-way slab structure was supported on quite deep, stiff 
beams. The computed flexural stiffness ratio, H, of the interior beams is 2 
or 4, depending on whether a T-beam section is considered. The computed tor-
sional stiffness is about J = 1.4 for the interior beams, based on the T-beam 
section, or J = 0.8 based on the rectangular section. 
The theoretical moments obtained by Morrison (32) for a nine-panel 
,. 
structure supported on rigid columns which are one-tenth the span in thickness 
are shown in Fig. 90. The beam stiffness ratios are H 2, J = 0.5. Since the 
columns are rigid, the theoretical beam moments at the edge columns are quite 
high. The measured beam moments are 70 to 75 percent as large as the theo-
retical moments. The measured moment coefficients are also shown in Fig. 90, 
and are enclosed in parentheses. 
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The measured positive moments in the structure are in general 
slightly higher than the theoretical moments. In the slab sections the greatest 
difference is in the corner panel, where the measured moment is about 20 percent 
greater than the theoretical moment. 
The measured spandrel beam positive moments are nearly double the 
theoretical moments, and the end span positive moment in the interior beam is 
25 percent greater than the theoretical value of the moment. The measured 
negative moments in the beams on the two sides of the interior support are also 
appreciably larger than the theoretical moments. The interior beam negative 
moments are about 20 percent larger than the theoretical values, and the 
spandrel beam moments are from 70 to 90 percent greater than the theoretical 
moments. The total interior negative moment across the width of the test 
structure in the end span is 10 percent larger than the theoretical moment. 
The interior span total negative moment is three percent less than the theo-
retical moment. 
The measured negative moments in the slabs on the two sides of the 
interior column line are appreciably lower than the theoretical moments. The 
interior span measured negative slab moments are about 65 percent of the 
theoretical values, and the end span interi.or negative moments are about 80 
percent as large as the theoretical moments. The computed stiffness of the 
columns is large enough to provide about 85 percent of the rigid column 
restraint. 
The fact that the beam moments are all higher than the theoretical 
moments is a definite indication that the beam flexural stiffness ratio is 
greater than two. Theoretically, for H = 2 the beams carry 57 percent of the 
total interior panel moment, regardless of whether the columns are finite in 
cross sectiono In the test structure the beams carried 64 percent of the total 
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interior panel moment. This corresponds exactly to the moment in the beams 
for H = 5, which is an extremely stiff beam. Doubling the stiffness of the 
interior beams of the idealized structure would increase the moments in the 
beams only 10 percent. Hence, reasonable agreement is found between the meas-
ured and theoretical moments even though the beam stiffnesses are different by 
a factor of over two. If the beams are considered to be T-beams with flange 
widths of four times the slab thickness on each side of the stem, the calcu-
lated value of H is four. 
The total measured moments in both spans (each span is three panels 
wide) are larger than the total theoretical moments in the span. The total end 
span measured moment is 0.337 qL3, and the theoretical total moment is 0.312 qL3. 
The computed static moment for the test structure is 0.327 qL3. The total 
measured interior span moment is 0.347 qL3, and the theoretical total moment is 
3 0.335 qL . The interior span static moment is 0.318 qL3 in the test structure. 
The total exterior negative moment in the end span is nearly 80 percent of the 
theoretical moment for rigid columns. 
Since the static moment in the structure analyzed by Simmonds was so 
much larger than the static moment in the test structure, the theoretical 
moments are not compared to the measured moments except at the exterior nega-
tive moment section of the end span. The theoretical structure in which 
H = 2.5 and J = 1.0 for the interior beams is considered. 
The total negative moment across the width of the structure at the 
exterior section of the end span is plotted against K /(1 + K ), a measure of 
c c 
the column stiffness) in Fig. 89. The theoretical moment when the columns are 
rigid is 0.22 qL3. In the test structure the exterior negative moment was 
80 percent of the theoretical moment for the case of rigid columns. Eighty 
percent of 0.22 qL3, 0.176 qL3) corresponds to K /(1 + K ) = 0.85, or K =6. 
c c c 
The computed stiffness ratio of the columns of the test structure was K = 6. 
c 
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The moments in the typical two-way slab which were caused by loading 
all panels of the structure and by loading various checkerboard loading pat-
terns are shown in Fig. 81. These moments indicate one thing quite well: The 
structure is not very sensitive to the maximum moment loading patterns. 
There are no increases in moment of any consequence in any of the 
slab sections of the structure. The positive moment in the end span of the 
interior beam is increased 27 percent) and all other increases in moment are 
considerably smaller. Since the beams and columns of the structure are quite 
stiff) the checkerboard loading patterns should give the greatest increases 
in moment. Strip loading patterns would have produced increases in moment) 
but these increases would have been no larger) and in most cases smaller, than 
the increases caused by the checkerboard loadings. 
7.6 Comparisons of the Trends of Measured and Theoretical Moments 
The structures analyzed by Morrison and three of the structures 
tested make valuable sets of structures for purposes of comparison since the 
columns are the same size in all structures. The reinforced concrete structures 
considered are the flat plate and the 2 two-way slabs. Only the interior span 
moments may be compared directly since the rigid columns of the hypotheti.cal 
structures make the end spans appreciably different from the end spans of the 
reinforced concrete structures. 
In Figs. 91 and 92 the negative and positive moments in the interior 
panel slab sections are plotted against the beam stiffness ratio, H. The 
negative moments in Fig. 91 are examined first. As an upper bound on the 
theoretical negative moments) the slab negative moments for point supports, 
clL = 0, are plotted. These moments are represented by the upper curve. The 
negative moments for the case of clL = 0.10 are plotted, and fall below the 
curve for point supports 0 The three experimentally determined points are 
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plotted. The typical two-way slap is considered to have a beam flexural stiff-
ness ratio of 4. The points for H = 0 (flat plate) and H = 1 (two-way slab 
with shallow beams) are very close to the theoretical moments for clL = 0.10. 
The measured negative slab moment for the typical two-way slab, 
H = 4, was 0.023 qL3 . The theoretical moment for H = 4 and clL = 0.10 is about 
0.03 qL3 . Thus, the measured moment is about 20 percent less than the 
theoretical minimum moment. 
The positive slab moments in the interior panels are plotted against 
H in Fig. 92. The theoretical upper bound curve, for clL = 0, is plotted for 
beam stiffness values of from 0 to 5. The theoretical moments for the case in 
which clL = 0.10 are also plotted, and it is seen that once a beam stiffness 
ratio of two has been reached, the moments are almost equal. 
The measured and theoretical moments in the flat plate, H = 0, match 
exactly. As the beam stiffness is increased, however, the measured slab posi-
tive moments are larger than the theoretical moments. The positive moment in 
the typical two-way slab, H = 4, is 30 percent larger than the theoretical 
moment. The measured moment in the two·-way slab with shallow beams, H = 1, 
is about 15 percent larger than the theoretica.l value. 
The negative and positive beam strip moments are plotted against the 
beam stiffness ratio, H, in Figs. 93 and 94, respectively. The measured moments, 
the theoretical moments for a structure supported on pin columns, clL = 0, and 
the theoretical moments for a structure supported on columns for which 
clL = 0010 are plotted. The broken part of the curve for clL = 0010 represents 
an extrapolation. 
In the case of the negative beam strip moments the trend of change 
of the moments as the beam stiffness increases depends on the column size. For 
point columns, the moment is nearly independent of the beam stiffness, as can 
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be seen in Fig. 930 In the case of columns for which clL = 0.10, however, 
increasing the beam stiffness increases the beam strip negative moment 
appreciab1y. 
In all cases the measured negative moments in the beam strip were 
less than the theoretical moments 0 The differences, however, are not great, 
and the measured moments follow the trends of the theoretical moments for 
clL = 0.10 quite well. The moment for the two-way slab with shallow beams, 
H = 1, is 14 percent lower than the theoretical value, but in this structure 
the total measured moment was also low. The other two values of measured 
moment, for H = 0 and H = 4, are closer to the theoretical values. 
The measured positive beam strip moment is less sensitive to the 
increase in beams stiffness than the theoretical moments. The measured moment 
increases 23 percent from 0.022 to 0.027 qL3 as H increases from 0 to 4. The 
theoretical moment for clL = 0.10 increases 50 percent from 0.020 qL3 to about 
0.030 qL3 in the same interval. None of the measured moments are greatly 
different from the theoretical moments. The trends of the measured moments 
are the same as the trends of the theoretical moments, but are somewhat more 
subdued. While the changes are all in the same directions, the measured 
changes are less than the theoretical changes. 
The agreement between the theoretical and measured bending moments 
is good on two different levels. First, there is excellent agreement in the 
trends of the moments as the beam stiffness changes, and second, there is 
relatively good agreement between the numerical values of the moments. 
Obtaining favorable agreement between the theoretical and experimenta1 moments 
is important since it provides confirmation that the theory is capable of 
producing realistic results. The comparisons of the trends also show at which 
points the theory may give different results than those measured. and may suggest 
reasons for the differences. 
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Consider the trend observed in the slab moments (Fig. 91 and 92). 
The measured positive moments are larger than the theoretical moments, and the 
negative moments are smaller. This difference may be a characteristic of the 
material, reinforced concrete, rather than of the structures. In the flat 
plate and 2 two-way slab structures there were no cracks in the positive moment 
regions of the slabs at the load levels for which the moments are examined. 
There were cracks in the negative moment regions of the two-way slab structures, 
however, and practically none in the flat plate. Since cracking reduces the 
stiffness of a cross section, the presence of negative moment cracks but not 
positive moment cracks causes a redistribution of bending moments from the 
negative to positive moment sections. In the two-way slab structures, the 
negative moments were lower and the positive moments were higher than the 
theoretical moments by comparable amounts 0 
The correlation between the theoretical and measured ~uantities 
provides a basis for the realistic application of the theoretical results to 
cases which are not specifically covered by tests or previous experience. 
8. STRENGTH ANALYSIS 
8.1 Introductory Remarks 
That the strength of a structure be adequate is one of the basic 
requirements for design. The very existence of such a requirement demands 
that there be methods available for determining, to satisfactory accuracy, the 
strength of a structure. One obvious and time-proven method is that of loading 
the structure to some multiple of the design load and examining the structure 
for damage. 
A more desirable alternative is an analytical method of finding the 
strength of a structure. Such a method is available in the Il y ield line 
analys is fI which has been developed by A. Ingerslev (50) and expanded by K. W. 
Johansen (51). Theoretically, this method gives an upper limit on the strength 
of the structure. The method depends on the selection of a set of yield lines, 
or plastic hinge lines, sufficient to form a collapse mechanism for which the 
failure load is computed. This load, since the hinge locations are selected 
arbitrarily, represents the upper limit of the load capacity; some other set 
of hinges may correspond to a lower collapse load. However, if the correct 
set of hinges is assumed in the analysis, the calculated load is bound to be 
on the safe side because of the effect of forces in the plane of the slab, as 
long as the failure is in IIflexure. n 
The method of analysis is limited in that it considers only the 
flexural strength of the structure. All of the computations for the yield line 
collapse mechanism are meaningless if the structure fails at a lower load i.n 
some manner other than flexure. Problems associated with the shearing strength 
of the slab must be investigated in connection with flat plates and flat slabs. 
The shear strength of the beams could also limit the strength. 
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Torsional stresses, particularly in the edge beams, may be criticalo 
The present state of knowledge of the behavior of reinforced concrete sections 
when subjected to combined shear, torsion, and bending moments is fragmentary. 
In addition, detail failures, such as caused by poorly designed moment con-
nections between beams and columns) may seriously affect the strength of the 
structure. 
The strengths of the five test structures are considered in this 
chapter. The comparisons between the computed and measured strengths of these 
structures are important because the test structures are among the most complex 
structural systems for which complete documentation of the failures is avail-
able. Most other experimental work which has been carried out in order to 
verify the yield line analysis has been done on comparatively simple structures. 
The flexural strengths of the five structures which were tested at 
the University of Illinois are investigated by means of the yield line analysis 
in Section 8.2. The shear strength of the flat plate structure is analyzed 
in Section 8.3. 
In each case the yield moments are used rather than the ultimate 
moments in computing the flexural strengths of the structures. The numerical 
values of the yield and ultimate moments are nearly identical since in all 
cases the reinforcement ratios were quite low. The choice between yield and 
ultimate moments is thus of no numerical consequence. The ordinary straight 
line formula, M = A f jd, is used to compute the yield moments. y s y 
In most of the negative moment regions there is only one layer of 
reinforcement. In the positive moments regions of the slab sections there are 
two layers of reinforcement, and the average effective depth has been used in 
computing the yield moments for both layers of steel. T-beam cross sections 
have been considered in computing the beam yield moments. None of the slab 
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reinforcement has been assumed to be acting as beam reinforcement) however, 
so the computed negative beam moments are slightly conservative estimates of 
the true beam strength. The yield moments which include some of the slab 
steel in the beam are 10 to 15 percent higher than when the slab reinforcement 
in the flange is not included. In the flat plate and flat slab structures the 
beam flange width was taken as 1{- times the slab thickness for the deep edge 
beams and zero for the shallow edge beams. In the typical two-way slab beam 
flanges 4 tLmes the slab thickness was assumed on both sides of the interior 
beams and on one side of the edge beams. In the two-way slab with shallow 
beams the flanges were 3 times the slab thickness. 
In nearly all of the tests reported in the literature) the failure 
loads are higher than the yield line analysis failure loads. There are several 
possible reasons for the differences, and in most cases a combination of 
effects causes the increased load. capacity. Some of the effects are~ 
(1) incorrect determination of steel strength) 
(2! strain hardening of reinforcement) 
(3) errors in establishing locati.ons of yield lines,9 
~4) arching of the load) and 
(5) effects of deformations of the structure. 
:!..n the structures tested at the University of Illinois the yield 
stresses used in the yield line analysis were those measured for the reinforce-
ment used in the structures) so this could. not lead to appreciable error. 
However) if the specified minLmum yield stress) such as f y 40 ksi for inter-
mediate grade reinforcement) were used instead of a measured value, this could 
lead to low computed loads. 
Relatively small errors in locating yield lines) particularly in 
the negative moment regions, can lead to appreciable changes in the computed 
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load capacity. This does not seem to be the problem in most of the reported 
cases, however. 
In some load tests arching of the load undoubtedly has caused an 
apparent increase in load capacity. In most tests, however, an effort to 
prevent arching of the load has been made. For structures that have been 
loaded by stacking such things as building material, bricks, sand, or pig iron 
on the slabs, aisles have been left along the centerlines of the panels. The 
rubber pads which the steel loading plates rested on in the present series of 
tests were flexible enough to prevent any appreciable arching of the load. 
Deformations can cause large forces in the plane of the slab. If 
the deflections are small, compressive forces which cause the slab to act 
essentially as a flat arch may be set up. Ockleston (18) and Wood (52) have 
shown that the compressive membrane, or arch, may add a great deal to the 
load capacity of a panel or structure if the structure is able to resist the 
horizontal thrusts. The load capacity can be several times the computed yield 
load if proper restraints are present. 
If the deflections are large, greater than about half the thickness 
of the slab, the membrane forces are tensile. As the deflections of the slab 
are increased, the geometry of the structure changes sufficiently to cause a 
significant increase in load capacity. Such behavior of course requires the 
presence of compressive struts to hold the ends of the span apart. 
The mechanisms involved in the development of the membrane forces 
are sho¥ffi in Fig. 95 for an idealized span. In Fig. 95a the deflections are 
small, less than half the slab thickness. The compressive forces are larger 
than the tensile forces at both the support section and the center of the span. 
If proper end restraints are available, the compressive forces can become 
extremely large. Such restraints may be supplied by the surrounding panels and 
beams. 
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For the case of large deflections, as shown in Fig. 95b, the tensile 
forces are bigger than the compressive forces as long as some element of the 
structure is able to keep the ends of the span from moving together. The 
compressive force at the center of the span in an interior panel of a slab 
may be reduced to zero, and the tensile cracks at the center of the panels can 
extend through the entire thickness of the slab 0 
It must be emphasized that membrane forces can be developed only if 
the ends of the span considered can be restrained from movement. If the ends 
of the span are free to move, the load. capacity of the span is controlled by 
the simple bending moments, M = Tjd and M! = TI j i d, and at any section the 
tension and compression forces are balanced. 
8.2 Flexural Strength 
( a) Fla t Pla te 
There are two different failure mechanisms that can occur in the 
flat plate structure. The first, illustrated in Fig. 96, involves plastic 
hinges, or yield lines, which cross the entire width of the structure. The 
spandrel beams are included in the collapse mechanism. The failure load 
corresponding to this mechanism is 400 psfo A second configuration of yield 
lines is shown in Fig. 97, for which the computed load capacity l.s 320 psf. 
In this case the edge beams are not included in the failure mechanism" Such 
a configuration regyires that all eight exterior panels of the structure 
participate in the failure. 
The measured ulth~ate load for the flat plate structure was 360 psfo 
This is 112 percent of the computed failure load, Furthermore, the flat plate 
structure failed by the punching of an interior column through the slab and 
would have carried more load if the slab had been stronger in shear. The 
problem of the shear strength of the slab is investigated in Section 8,30 
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There was one other difference between the assumed and observed modes 
of failure. At the exterior negative moment section, the yield line was assumed 
to extend across the width of the structure. It was observed, however, that 
cracking did not extend completely across the exterior edge of any of the panels. 
The torsional restraint offered by the edge beams was insufficient to develop 
the yield moment of the slab at the face of the beams. However, almost all of 
the slab reinforcement in the column strips yielded and this provided most of 
the assumed yield moment capacity at the exterior edge. At the middle strips 
the cracking moment was very close to the yield moment and these sections could 
have contributed most of their rated strength without even the formation of 
a crack. 
The negative moment yield lines in the flat plate structure are 
assumed to pass through the faces of the columns. This corresponds to the 
assumption that the shearing forces are concentrated at the corners of the 
columns. The yield lines observed in the test to failure were close to the 
faces of the columns. The positive moment yield lines followed the pattern 
shown by the idealized failure mechanism shown in Fig. 97, and showed no 
tendency to include the edge beams in the failure mechanism. 
The computed strength of the interior panel of the flat plate structure 
is 270 psf, which is 1.74 times the total design load. The strength of a typical 
interior panel is lower since in this case extra negative moment reinforcement 
was supplied because the negative moment sections are all at first interior 
support lines. The computed strength of a typical interior panel is 245 psf, 
which is only 1.58 design loads, or dead load plus 2.3 live loads. Since the 
~yield stress of the reinforcement used was 36.7 ksi, the computed interior panel 
strength would have been"245 x 40/36.7 = 267 psf if the minimum yield stress 
for intermediate grade reinforcement had been used. 
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(b) Flat Slabs 
The minimum computed failure load for the first flat slab, Test 
Structure No.2, is 565 psf, for the failure mechanisms shown in Fi.g. 97. 
The computed load for the fai.lure mechanism wh.ich includes the edge beams, 
Fig" 96, is 645 psf. The observed load capacity of the structure was 550 psf. 
It was assumed in the analysis that the entire exterior negative 
moment section reached the yield moment. This moment, however, was greater 
than the moment capacity of the edge columns. The edge columns were pre-
stressed externally with clamps before the test to failure in order to increase 
the moment capacity. The measured moments in the prestressed columns as the 
failure load was approached were appreciably larger than the ultimate moments 
for the non-prestressed columns" At the failure load, however, two of these 
clamps sheared off so the prestress ing force was lost. These two clamps :were 
on the edge columns adjacent to the strip that failed first, and it is evident 
that the slab would have carried more load if the columns had been stronger. 
The failure load of the structure, 550 psf, is 1.93 times the total 
design load of 285 psf. The computed ultimate load for the interior panel, 
considering it to be bounded by other ider..ti.cal panels) however, is only 460 psf 0 
This is larger than the load for a typical interior panel because of the extra 
reinforcement in the negative moment reg:ions which was present because of the 
adjacent edge panels. The collapse load for a typical interior panel is 
435 psf, only 1053 times the design load, or dead load plus 1.75 design live 
loads. The load would have been slightly smaller if the yield strength of the 
reinforcement had been the minimurrl allowed for intermediate grade steel. One 
interior panel cannot fail alone at this load, but the strength of a large 
structure with many interior panels loaded simultaneously would be contro.lled 
by the interior panel strengthu 
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The strength of the flat slab which was reinforced with welded wire 
fabric is considerably higher than that of the first flat slab because the re-
inforcement is much stronger. The yield stress of the welded wire is about 
70 ksi (0.2 percent offset) and that 6f:the'1!8""in .. s~uare bars used in the 
first flat .. slab 1s'42 ksi. 
The minimum computed failure load for the second flat slab is 
1010 psf, for the mechanism shown in Fig. 97, which does not include the edge 
beams. This computation is based on the ultimate stress in the reinforcement. 
If the moments corresponding to the proportional limit stress of the reinforce-
ment are considered, the failure load is 750 psf. The observed load at failure 
was 952 psf, which is about six percent less than the computed load corresponding 
to ultimate stress in the reinforcement. This is not unreasonable, however, 
since the ultimate moments correspond to very large strains and moments, and 
are close to the limit of ductility of the sections. 
The rotation capacities of some of the slab sections were exhausted 
at failure, and the reinforcement was broken over a considerable width of the 
positive moment region of the north row of panels. Simultaneously with the 
fracture of the reinforcement a column on the north edge of the slab also 
failed, and sheared the capital so that the column was completely free of the 
slab. 
The results of the test to failure of the flat slab reinforced with 
welded wire fabric are quite important since the reinforcement does not exhibit 
a flat-topped yield range, and the moment-rotation curve is not elasto-plastic. 
The loads corresponding to the proportional limit moments and ,the yield 
moments represent two bounds on the strength of the structure once the correct 
failure mode has been discovered. The proportional limit load should obviously 
be lower than the measured load, but it is not correct to assume that the 
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strength of the steel will be d.eveloped at all sections since the ductility of 
the reinforcement and therefore of the sections is relatively low. Determina-
tion of the rotation capacities and requirements to verify the development of 
the yi.eld moment at all sections would be extremely complex, if possible, and 
until such a method is developed these two loads must be considered to be 
upper and lower bounds of the true load capacity. Moments corresponding to 
some arbitrarily selected steel strain, such as 0.005, should provide a good 
estimate of the load capacity. In the structure tested the load capacity was 
close to the computed value for the ultimate moments, but the failure was not 
ductile. 
The load corresponding to the failure mechanism which includes the 
edge beams, Fig. 96, is 1130 psf if the ultimate and 950 psf if the proportional 
limit stresses are assumed in the steel. 
The computed loads for the i.nterior panel are 720 psf for the 
proportional limit moments and 930 psf for the ultimate moments. The propor-
tional limit load corresponds to 2.5 times the design load" 
The ratios of yield stresses and failure loads are nearly the same 
for the two flat slab structures. This is an indication that the strengths of 
the slabs were controlled principally by the strength of the slab reinforcement. 
In the yield line computations for the flat slab structure, the 
negative moment yield lines were assumed to act at the centroids of the re-
actions, and the shearing forces around the capitals were assumed to be 
uniformly distributed. The yield lines thus crossed the capitals, In the 
computations of the yield moments the effective depth of the reinforcement in 
the regions of the capitals was assumed to be the same as in the drop panels 
rather than the depth of the capital at the point where the yield line crossed. 
In effect the yield line was assUITled to be ~t the centroid of reactions when 
between the capitals, and at the face of the capitals as i.t passed the capital u 
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The assumption of a yield line which 'contains an offset is a 
simplification of the true picture. In reality the yield lines observed were 
nearly straight, and close to the face of the capital. There was a slight 
shift of the yield line toward the support centerline between the capitals, 
but this shift is gradual and did not appear as an offset. 
One of the possible weak. links in the flat plate and flat slab 
structures is the connection between the slab and the edge columns of the 
structure. The bending moments in the slab must be transferred to the columns 
by a combination of direct bending in the slab and torsional moments in the 
edge beams. 
The moment capacity of the column connection may be less than that 
of the reinforcement which frames into the edge beams. A plan view of an edge 
column with a column bracket is shown in Fig. 98, as is a cross section of the 
connection. All of the moment which enters the column must be transferred 
through the heavy semicircular line shown on the plan view. This transfer of 
moment is accomplished by a combination of direct bending and torsion in the 
edge beams. If the beams fail as a result of torsional stresses, there is no 
possible way to develop the yield moment capacity of the reinforcement which 
frames into the edge beams, and only the direct transfer of moments can take 
place. 
Too little is known of the strength of reinforce~ concrete beams 
subjected to combined shear, torsion, and bending to 'justify a quantitative 
investigation of the strength of the edge beams. There was, however, con-
siderable distress in the deep edge beams of both flat slab structures as the 
failure load was approached. Although the cracks were large, this distress 
apparently did not lower the strength of the structures appreciably. 
Another difficul~y is encountered in transferring moments ·across 
the edge column brackets. The forces acting on the bracket are shown on the 
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column section shown in Fig. 98. The bracket is subjected to both a direct 
bending moment and a moment resulting from the shearing forces located near 
the end of the bracket. Large cracks may form as shown at location A, or if 
the steel is anchored in the column as shown, the cracks may bypass the 
reinforcement completely as at location B. These problems can be lessened by 
careful detailing of the reinforcement to insure proper anchorage. 
(a) Two-Way Slab with Shallow Beams 
The minimum computed collapse load for the two-way slab supported 
on shallow beams is 388 psf. The collapse mechanism is that shown in Fig. 96, 
and the edge beams are included in the failure mechanism. The collapse 
mechanism shown in Fig. 97, which does not involve the edge beams, resulted 
in the slightly higher load of 397 psf. The measured load at failure was 
466 psf, which is 20 percent greater than the computed load. A 20 percent 
excess of measured failure load over the computed failure load is not unusual. 
The computed strength of the interior span of the structure was 405 psf. 
The observed mode of failure is identical with that shown in Fig. 96. 
The negative moment yield lines were assumed to form at the faces of the beams, 
with a small offset where the C91umns were passed. This was in good agreement 
with the observed locations. It is also known that there were appreciable 
tensile membrane forces present in the row of panels that failed. The positive 
moment tension cracks extended through the thickness of the slab in the centers 
of the three panels which failed. 
The strengths of the individual panels were investigated since in a 
two-way slab the failure of a single panel may be possible. Negative moment 
yield lines are assumed along each edge of the panels, at the faces of the 
supporting beams. Positive moment yield lines are assumed which follow the 
diagonals of the panels and meet at or near the center of the panels. 
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In the interior panel the pattern of yield lines is completely 
symmetrical and is shown in Fig. 99a. The computed panel failure load is 
600 psf, which is over 50 percent greater than the computed strength of the 
structure. 
The yield lines found for the edge panel are shown in Fig. 100a. All 
four of the positive moment yield lines meet at the same point. The computed 
failure load is 583 psf. 
The pattern of.yield lines in the corner panel is symmetrical about 
the diagonal of symmetry of the panel. This pattern is shown in Fig. 100b. 
The computed load is 596 psf. 
Since the yield loads for the individual panels are so much greater 
than the computed load for yielding as a structure, interest in these loads 
is academic. It should be pointed out, however, that the panel yield line 
patterns would be subject to some corner effects, such as are shown in Fig. 99b. 
The triangular bands of yielding in the corners of the panel, usually called 
fi corner levers" or IT corner seesaws, II cause a reduction of computed load 
capacity of a few percent from that computed for the pattern shown in Fig. 99a. 
About half the total moment capacity of the structure is provided 
in the beams. If the computed strengths of the slab panels and the structure 
are to be e~ual, the beams must have about two-thirds of the total moment 
capaci ty. 
The design load for the structure is 145 psf (75 psf dead load plus 
70 psf live load), and the measured failure load was 466 psf. The measured 
factor of safety is thus 3.2. The factor of safety based on the computed 
strength is 2.7, which is ade~uate by any reasonable measure. 
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(d) Typical Two-Way Slab 
The lowest computed failure load for the typical two-way slab is 
426 psf for the failure of the interior panel. The pattern of yield lines is 
shown in Fig. 99a. If the corner effects are considered, as shown in Fig. 99b, 
the computed load is 8 percent less, 393 psf. Similarly, the computed load 
capacity of the edge panel, Fig. 100a, is 442 psf and that of the corner panel, 
Fig. 100b, is 435 psf. 
The measured load at failure, however, was 537 psf, and the failure 
mode was that shown in Fig. 96. This failure mode involves the entire end 
span of the structure, including both the edge and interior beams, and was not 
the failure of a single panel. The negative moment yield lines are assumed to 
be at the faces of the beams, with an offset at the columns. The observed 
cracks were at the assumed locations, and the offsets were only slightly 
softened in the structure tested. 
Several different failure modes which involve both the beams and 
slabs were investigated, and all gave higher computed loads than the panel 
failure loads. The predicted load on the basis of the failure mode which was 
actually observed was the highest of the structural failure modes, and was 
529 psf. This is the failure pattern shown in Fig. 96. This load agrees 
almost exactly with the measured load. A similar failure for the interior span 
theoretically would re~uire a load of 611 psf, so it can be seen that the 
interior span is considerably stronger than the end span 
The failure mechanism shown in Fig. 97 corresponds to a computed 
load of 500 psf. It was impossible for this pattern of failure to develop. 
Positive moment yield lines were rather well developed extending from the 
interior column to the centers of the corner panels in the locations that this 
mechanism re~uires negative moment yield lines. 
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The structural failure mode depicted in Fig. 101 gives the lowest 
of the different structural failure loads, 467 psf. The similar pattern for 
the interior panel gives an ultimate load of 527 psf. This pattern of failure 
was fairly well developed in the test structure at loads below the failure 
load, but was not the final failure pattern. The diagonal yield lines in the 
corners of the corner panels were well developed. 
It is evident from the results of these tests and analyses that the 
strength of an individual panel of a slab supported on relatively stiff beams 
does not necessarily limit the strength of the structure. If a mechanism can 
be found that will allow the slab to transfer more load to the beams, the load 
can be increased until the beams also fail. 
Membrane forces can enable the slab to carry this additional load. 
These forces may be either compression, in which case the slab acts as if it 
were a very flat arch, if the deflections are small, or tension, in which case 
the slab acts as a suspension span, if the deflections are over about half 
the slab thickness. 
In the typical two-way slab the deflections of the centers of the 
panels at failure were about two-thirds of the thickness of the slab. Tension 
cracks at the centers of some of the edge and corner panels had passed com-
pletely through the thickness of the slab) which proves the existence of the 
membrane forces. 
The interior panel of the typical two-way slab was still intact 
after the structure had been tested to failure, so this panel was loaded to 
destruction. The failure load was 829 psf, and occurred at a deflection of 
about twice the thickness of the slab. The failure load is 1.94 times the 
computed ultimate load of 426 psf for the panel, or 5.7 times the total design 
load. The failure, moreover, did not occur in the slab, but rather was a 
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failure of the supporting beams of the panel in combined shear, torsion, and 
bending. 
Strain hardening of the reinforcement cannot be presented as a 
possible explanation of the increased load capacity since the strain measure-
ments indicated that the strain hardening point could not have been exceeded. 
Tension forces in the plate were large enough to cause an extensive system of 
tension cracks in the central region of the top of the slab. An analysis of 
the membrane strength is beyond the scope of this report, but it seems apparent 
that the forces in the plane of the plate when large deflections are reached 
are sufficiently large to carry this large increase in load capacity. 
There were some torsional failures of the edge beam-column connections 
in this structure. Although the structure had reached the computed strength, 
it probably would have carried some more load had the edge beams been stronger 
in torsion. 
8.3 Punching Shear Strength 
Since the flat plate structure failed in shear by punching an 
interior column through the slab, it is necessary to investigate the shear 
strength of the slab. It is evident that the computation of flexural strength 
is meaningless if the structure fails at a lower load because of shearing 
stresses around the columns. 
The formation of inclined cracks in slabs is a function of the 
tensile strength of the concrete. The cracks occur at loads of 50 to 70 per-
cent of the failure load. Since part of the additional load capacity beyond 
the inclined cracking load must be due to such mechanical factors as aggregate 
interlock, the small aggregate concrete used in the test structures would be 
expected to have less reserve strength beyond cracking than a large aggregate 
concrete. On the other hand, the ratio of tensile to compressive strength is 
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higher for the small aggregate concrete than for concrete made with regular 
aggregate. The differences in the tensile strength and potential interlocking 
are conflicting in that one effect tends to increase the shear strength and 
the other to reduce it. The shear strength is computed, however, on the basis 
of the results of two investigations of slabs made with regular aggregates and 
the recommendations of ACI Committee 326 on Shear and Diagonal Tension. 
Moe (53) analyzed the results of his tests and those of several other 
investigators and found that the shear strength of a slab could be predicted 
on the basis of the following formula: 
(8.1) 
where b the perimeter of the column, 
d the effective depth of the reinforcement, 
r the length of the side of the column, 
f' the concrete cylinder strength, and 
c 
CPo the ratio of shear capacity to the flexural capacity, 
in this case assumed to be one. 
Elstner and Hognestad (54) had earlier proposed the following 
formula as representing the punching shear strength of a slab: 
v = 7/8 bd fl [333 + 0.046J 
u c f! cP 
- C 0 
where the notation is the same as in Eq. 8.1. 
The ACI Committee 326 on Shear and Diagonal Tension (55) has 
rencently given the following formula for computing the shear strength of a 
slab or footing. 
v = 4bd '[f! 
u c 
The notation is similar except that the perimeter of the critical sec-
tion is taken as d/2 from the column face rather than at the face of the column. 
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The shear strength of the flat plate structure was computed on the 
basis of the measured strength of the three batches of concrete in the vicinity 
of the column which failed. At the time of the test to failure, fT = 2400 psi. 
c 
The computed strengths are: 
E~. 8.1 
E~. 8.2 
E~. 8.3 
8.6 kips 
13.4 kips 
8.4 kips 
The measured reaction at the time of the failure of the structure 
was 7.5 kips, plus a dead load reaction of approximately 1.1 kips. The total 
reaction was 8.6 kips. There was, however, an eccentricity of the load in the 
test structure which reduces the computed load slightly. 
Moe proposed the following formula to take into account eccentricities 
of the load. 
where p 
o 
p 
p 
o 
1 + 3~ rle 
shearing strength given by E~. 8.1 
r length of side of the column 
e eccentricity of the load 
~ a constant determined by Moers tests, assumed to be 1/3 for 
this case. 
The eccentricity of the load was determined to be 0.5 inches by 
means of the measured reactions of the column which failed. The resultant 
(8.4) 
reduced load is 7.9 kips. The failure load was 9 percent greater than this 
value. Although it may not be strictly correct to project Moe's expressions 
for the .shear strength of slabs to analyze the test structures, it is seen 
that the comparison is very favorable. 
9. DESIGN FORMULAE FOR THE DISTRIBUTION OF 
BENDING MOMENTS 
9.1 General Remarks 
From the structural engineer's viewpoint, a structure must satisfy 
two basic re~uirements. It must be safe. It must be serviceable. 
The strength of reinforced concrete slabs was discussed in the 
preceding chapter. This chapter will be devoted to the development of expres-
sions for the distribution of bending moments to the various critical sections 
of a reinforced concrete floor slab. Hence, the chapter is concerned primarily 
with serviceability since cracking and deflection under working loads may be 
controlled by distributing the reinforcement in accordance with the elastic 
moment distribution. 
The formulae offered in this chapter for the distribution of bending 
moments are based on the theoretical solutions discussed in Chapter 5 tempered 
by the test results reported in Chapter 6 and 7. 
The theoretical moment distributions and those based on experiments 
have indicated that a multiple-panel slab can be considered to have only two 
different spans; (1) An interior span, with both ends of the span considered 
continuous, and (2) an end span, with only one end of the span considered con*, 
tinuous. Thus, expressions for the distribution of moments need be given only 
for these two cases. 
It is proposed that the floor slab be designed for 100 percent of 
the static moment provided the live to dead load ratio is e~ual to or less 
than three. The negative moments are insensitive to pattern loading as long 
as the relative total column stiffness at a joint is K = 1.0 or greater. 
c 
The possible increase in the positive moments are compensated by a deliberate 
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increase of the positive to negative moment ratio. In the interior span, 
60 percent of the static moment is ~ssigned to the negative and 40 percent 
to the positive moment sections. 
In the end span, the static moment is distributed 60 percent to the 
interior negative, 53 percent to the positive, and 33 percent to the exterior 
negative moment section as long as the minimum edge column stiffness require-
ments (,K = 1.0) are met. 
c 
The formulae given in the following sections apply to slabs supported 
on beams of any flexural stiffness. In rectangular panels, the long span beams 
should be stiffer than the short span beams by approximately the ratio of the 
lengths of sides of the panel; variations of up to 25 percent should not 
affect the results seriously. The ratio of the lengths of adjacent spans is 
limited to 4/3. The ratio of the lengths of the sides of a panel is limited 
to two or less. 
Equations are given in terms of the relative beam stiffness, the 
panel shape, and the static moment for the moments in the beam strips and in 
the beams. The middle strip moment is the difference between the total section 
moment and the beam strip moment. The column strip moment is the beam strip 
moment less the beam moment. The reinforcement should be distributed uniformly 
across each slab design strip. 
9.2 Interior Span 
The eCluations are given for the moments in the interior span panels. 
The same equations are then modified to fit the conditions in the end span 
panels in the following section. In the following eCluations. HI = H (b/a) 
"a a- . 
The term H' is used instead of H (b/a) in 
a a 
order to simplify the notation of the equations. The moments are those in the 
span in the direction a, and are in terms of the span conSidered, regardless 
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of whether it is the short or long .span of the panel. The perpendicular span 
is of length b. 
The static moment in the panel is M. The static moment may be 
o 
computed according to the following expressions as long as the beams are 
appreciably narrower than the columns. 
where 
For round columns, 
w 
M 
o 
total load on the panel, 
Ll length of span in direction considered, and 
c diameter of the column or capital. 
If the columns are rectangular the following formula applies. This 
is a variation of an expression given by Appleton in Ref. 25. 
2 + 
cl 
M 0.125 WLl (1 -
cl c2 
= 
0 Ll cl 1 + 
c2 
where W the total load on the panel, 
Ll the span in the direction considered, 
cl the support dimension in the direction of Ll , and 
c2 the support dimension perpendicular to Ll . 
Beam Strip Moments 
(a) Short Span alb < 1.0 
HI + 1 
-M 0.45 M a 
0 (b/a) HI + 1 a 
HI + 1 
0.30 M a (9.3) 
0 (b/a) HI + 1 a 
+M 
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(b) Long Span alb > 1.0 
0.5(1 + a/b) HI + 1 
-M = 0.45 Mo (1.15 - 0.15 a/b) HI + 1 a 
a 
0.5(1 + a/b) HI + 1 
+M 0.30 M
o
(1.15 - 0.15 a/b) HI + 1 a 
a 
Beam Moments 
(a) Short Span alb < 1.0 
-M 
+M 0·30 Mo 1 + 2 (b/a) HI 
a 
2HI 
a 
(b) Long Span alb > 1.0 
2HI 
-M = 0.45 ,Mo (1.5 - 0·5 b/a) 1'+ ~HI 
a 
2H' 
+M 0·30 Mo (1.5 - 0·5 b/a) 1 + ~H' 
a 
Column Strip Moments 
Column Strip Moment = Beam Strip Moment - Beam Moment 
Middle Strip Moments 
Negative Middle Strip Moment 
Positive Middle Strip Moment 
0.6 M - Beam Strip Negative Moment 
o 
0.4 M - Beam Strip Positive Moment 
o 
In the above equations the negative design moment is 60 percent of 
the total panel moment and the positive design moment is 40 percent. The 
theoretical distribution is 2/3 negative and 1/3 positive. The negative 
moment was reduced 10 percent and the positive moment increased 20 percent for 
two reasons. The measured positive moments in the test structures were in 
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general higher than the theoretical moment. In addition, the increases in the 
positive moments which are caused by partial loading patterns are appreciably 
greater than the increases in the negative moments. 
In order to use these moment values, the columns stiffness must have 
a lower limit in most cases. If nearly all the load is permanent load, the 
stiffness need not be limited. If the relative stiffness of the beams is less 
than about Ht = 3, the colQ~n stiffness should be limited to K > 1. (See 
a c 
Section 5.2 for the definition of K.) For lower values of the beam flexural 
c 
stiffness the strip loading patterns produce the maximum moments and the columns 
limit the magnitudes of the increases in the moments. For beam stiffnesses 
greater than Ht = 3, the checkerboard loading patterns produce the greatest 
a 
moments and the column stiffness is immaterial. 
If the span considered is parallel to a discontinuous edge of the 
structure, the moments must be evaluated so that the moment in a spandrel beam 
strip is half the moment in an interior beam strip for comparable beam stiff-
nesses. The beam flexural stiffness ratio, Ht , must be computed as defined 
previously. Since the beam is loaded by the edge reaction of only one panel 
it is effectively twice as stiff as the computed value indicates. Thus, if 
H! = 1 for an edge beam, the moment in the edge beam strip is half the moment 
a 
in an interior beam strip in which H' = 2. Similarly, the design moment in 
a 
the beam is half that of an interior beam for which HI = 2. 
a 
The theoretical positive and negative moments in the beams and beam 
strips for the case of clL = 0 are plotted against H! in Figs. 102 through 
a 
106. The moments are in the direction a, where a is the span length and b is 
the perpendicular span. The width of the beam strip and column strip is equal 
to half the shorter span of the panel. The values of the design moments are 
also plotted. The design moments are shown as broken lines. The curves are 
plotted for five panel shapes, alb = 0.5, 0.8, 1.0, 1.25, and 2.0. 
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The agreement between the trends of the design moments and the 
theoretical moments is generally good. The negative moments are about 10 per-
cent smaller and the positive moments about 20 percent larger than the theo-
retical moments in most cases. If the expressions for the moments were altered 
to give 2/3 of the static moment at the negative moment sections, the agreement 
between the design and theoretical values of the moments would have been better. 
This change could be made by substituting M /2 for 0.45 M and Mo/4 for 0.30 M 
. 0 0 0 
in E~uations 9.3 through 9.6. 
9.3 End Span 
The exterior column stiffness is an important determining factor in 
the moments in end span panels. In the following design recommendations the 
limitation is made that the stiffness of the edge columns be at least K = 1. 
c 
Modifications for lower values of K are outlined later in this section. 
c 
The interior negative moments in the end span are the same as the 
interior span negative moments and total 0.6 M. The e~uations given in 
o 
Section 9.2 are used in unaltered form. 
The positive moments in the end span total 53 percent of the total 
moment. The distribution of these moments is the same as the interior span 
positive moments. The moments are obtained by multiplying the interior span 
positive moments by 4/3. 
The exterior negative moment is 1/3 M. The distribution of this 
o 
moment between the beam strip and the middle strip depends on the torsional 
stiffness of the spandrel beam. If the computed value of the torsional stiff-
ness of the edge beam is less than J = 0.25 only nominal reinforcement need be 
provided in the middle strip and all of the moment concentrated in the beam 
strip. If there is no edge beam, a width of slab e~ual to the thickness of 
the slab may be considered as the beam. If there is a reinforced concrete 
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beam, a flange width equal to the projection of, the beam below (or above) the 
slab may be used when computing J. 
The distribution of the exterior negative moment varies with J in 
the following manner. For J = 0, all of the moment is concentrated in the beam 
strip. If J = 2.5 or more the distribution of the total section moment is the 
same as the distribution at the interior negative moment sections, e.g. in a 
square panel 75 percent of the moment is in the beam strip and 25 percent is 
in the middle strip. A linear variation in moment as J is increased from zero 
to 2.5 is satisfactory. In all cases at least nominal reinforcement must be 
provided in the middle strip. 
If the edge columns have flexural stiffness ratios of Kc < 1, .the 
exterior negative moment should be reduced in ·proportion to IE: , the square 
c 
root of the combined moment distribution factor of the columns. At the same 
time the interior negative and positive moments must be increased proportionately 
so that the total design moment is still equal to the static moment. The 
limiting values of the moments are shown below. 
K 
c 
K 
c 
1 
o 
Interior Negative 
0.60 M 
o 
0.80 M 
o 
Positive 
0.53 M 
o 
0.60 M 
o 
Exterior Negative 
0.33 M 
o 
o 
The distribution of the moments across the sections and between the slab and 
beams does not change as the column stiffness is reduced. For the case of 
K = 0, nominal reinforcement must be supplied in both the beams and slabs at 
c 
the discontinuous edge. 
A masonary wall should be considered as offering no restraint when 
proportioning the interior negative and positive moments. A reinforced concrete 
wall to which the slab is attached by continuous reinforcement may supply 
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considerably greater restraint than edge columns and spandrel beams. This 
stiffness should be taken into account when computing the exterior negative 
moments. 
10. SUMMARY 
In this report the distribution of moments in and the strengths of 
several reinforced concrete test structures are compared with the theoretical 
values. On the basis of the theoretical and measured values of the moments, 
design formulae are offered for the distribution of bending moments in all 
types of floor slabs regardless of beam stiffness. 
The results of a number of tests of two-way slab structures which 
have been reported in the literature are reviewed, and the physical details 
of five slab structures which were built and tested at the University of 
Illinois are described. These structures were a flat plate, two flat slabs, 
and 2 two-way slabs. 
Some of the methods of completing elastic analyses of slab structures 
are outlined. The results of a number of analyses are utilized in a study of 
the theoretical moments in slabs. The variables included in the study are the 
effects of beam flexural stiffness) beam torsional stiffness) panel shape, 
pattern of applied load) flexural stiffness of the supporting columns) the 
cross sectional dimensions of the columns) and the position of the panel with 
respect to the edges of the structure. 
The theoretical moments are presented in terms of the average unit 
moments in the slab strips and the moments in the beams. The strip moments 
are presented for two different definitions of strip width. The column strip 
width may be defined as either half the width of the panel or as half the 
shorter span. In either case the remainder of the width of the panel is the 
middle strip. 
Moments in the beam strips are also presented. The beam strip moment 
is defined as the sum of the moments in the beam and in the column strip of the 
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It is found that there are essentially two different kinds of panels. 
These are the interior span panels, which include interior panels and the span 
parallel to the edge of the structure in edge panels, and the end span panels, 
which include corner panels and the span perpendicular to the edge of the 
structure in edge panels. If the beams are flexurally rigid and have zero 
torsional stiffness the differences between an interior panel and the parallel 
span of an edge panel of the same shape may be appreciable. If, however, the 
beams have finite flexural stiffnesses (including zero stiffness, i.e., no 
beams) and reasonable values of torsional stiffness, the moments in the two 
cases are quite similar. 
The moments measured in five reinforced concrete slab structures 
are presented and are compared with the results of the elastic analyses. In 
most cases the comparisons are good. One particularly noticeable trend is for 
the measured positive moments to be larger and the measured negative moments 
smaller than the theoretical moments. This difference may be traced at least 
partially to the more advanced state of cracking in the negative moment regions 
than in the positive moment regions. 
The strengths of the five test structures are investigated by means 
of the yield line analysis. The agreement between the computed and observed 
failure loads is satisfactory as long as the possibility of failure in modes 
other than flexure is considered. Shear forces around the interior columns 
are found to be critical in the flat plate. 
A design procedure is presented which is applicable to slab structures 
with rectangular panels which are supported at all corners. The ratios of the 
lengths of the sides of the panels is limited to two or less. The ratio of 
the'lengths of adjacent panel spans is limited to 4/3. The flexural stiffness 
of the supporting columns is limited to K > 1 for most cases. A procedure to 
c 
be followed if the column stiffness is K < 1 is outlined. 
c 
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Beams of any flexural stiffness are included in the design procedure. 
The only limitation is that the beams in the long span of a panel be stiffer 
than the beams in the short span by approximately the ratios of the lengths of 
sides of the panel (EIa/a = E~/b). Deviations of 25 percent from this realtion-
ship have relatively little effect on the moments in the panels. 
The total design moment is chosen to be e~ual to the static moment. 
In interior span panels 60 percent of the total moment is assigned to the 
negative moment sections and 40 percent to the positive moment section. In 
the end span the interior negative moment is 60 percent, the positive moment 
is 53 percent, and the exterior negative moment is 33 percent of the total 
moment. 
The total section moment is subdivided into beam and middle strip 
moments. The beam strip moment is then divided between the beam and the slab 
column strip. The reinforcement is spaced uniformly across each design strip. 
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TABLE 1 
INTERIOR PANEL AVERAGE SLAB MOMENTS 
Moment Coefficients, C = M/qa2, in direction ~ 
: E~ E~ 
Ha;(b/ a):= 1\ (alb) where Ha = bN . and 1\ = aN 
Average Middle Strip Moment Coefficients 
H (b/a) 0 "0:'-5 a 1.0 2.0 5·0 00 
a/b=0.5 
M+ 0.0110 0.0235 0.0278 0.0313 0.0342 0.0367 
M- 0.0114 0.0444 0.0556 0.0646 0.0720 0.0782 
a/b=0.8 
M+ 0.0257 0.0235 0.0232 0.0231 0.0232 0.0234 
M- 0~0287 0.0409 0.0463 0.0511 0.0553 0.0590 
a/b=leO 
M+ 0.0322 0.0237 0.0208 0.0185 0.0166 0.0151 
M- 0.0379 0.0402 0.0417 0.0429 0.0440 0.0449 
a/b=lo 25 
M+ 0.0370 0 .. 0235 0.0185 0.0144 0.0109 0.00.78 
M- 0.0464 0.0393 0.0370 0.0350 0.0330 0.0311 
a/b=2.0 
M+ 0.0412 0.0206 0.0139 0.0086 0.0043 0.0008 
M- 0.0601 0.0353 0.0278 0.0217 0.0166 0.0123 
Average Column Strip Moment Coefficients 
a/b=0.5 
M+ 0.0723 0.0372 0.0278 000213 000167 0.0135 
M- 0.1552 0.0718 
a/b=0.8 
0.0556 0.0450 0.0380 0.0334 
M+ 0.0576 0.0318 0.0232 0.0164 0.0111 0.0068 
M- 0.1380 0.0628 
a/b=lo0 
0.0463 0.0345 0.0257 0.0190 
M+ 0.0511 0.0289 0.0208 0.0142 0.0087 0.0041 
M-
a/b.::: 1 a 25 
0.1287 0,,0574 0.0417 0.0299 0.0207 0.0133 
M+ 0.0464 0.0261 0.0185 0.0121 0.0067 0.0020 
M- 0.1202 0.0523 0.0370 0.0256 0.0165 0.0090 
a/b~2.0 
M+ 0 .. 0422 0.0209 0.0139 0.0084 0.0039 0.0002 
M- 0.1065 0.0416 0,,0278 000177 0.0099 0 .. 0035 
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TJU3LE 2 
..... 
INTERIOR PANEL BEAM AND BEAM STRIP MOMENTS 
Moment Coefficients in direction a 
Ha(b/a) = Eb(a/b) 
EIa E~ 
where H = -·and Eb = -a bN aN 
Beam Moment Coefficients z C = ML~a3 
H (b/a) 0 0·5 1.0 200 500 CIO a 
a/b=0.5 
M+ 0 000226 000278 0.0309 0.0324 0.0331 
M- 0 0,,0504 0.0556 0.0571 0.056.7 0,,0550 
a/b=Oo8 
M+ 0 0.0175 000231 0 .. 0274 0.0307 000332 
M- 0 0 .. 0394 000463 000507 0.0535 0 .. 0553 
a/b=1.0 
M+ 0 000154 0.0208 000253 000290 000321 
M- 0 0 .. 0345 000417 0.0469 000510 000542 
a/b=1.25 
M+ 0 0.0135 0.0185 0.0227 000269 000294 
M- 0 0.0301 0.0370 000424 0 .. 0469 000507 
a/b:=2.0 
M+ 0 0 .. 0105 000139 0.0166 0.0188 '000206 
M- 0 0 .. 0224 0.0278 0.03l8 0 .. 0350 000377 
Average Beam StriE Moment Coefficients~ C= ML9:a 2 
a/b=0.5 
M+ 0.0723 0.0598 000556 0.0522 0,,0491 000466 
M- 0.1552 0.1222 0 .. 1112 001021 0.0947 000884 
a/b=0 .. 8 
0.0576 M+ 000598 000602 0.0627 0.0602 .000599 
M- 0.1380 001258 001204 0.1156 001113 .0.1075 
a/b=1.0 
M+ 0.0511 0.0597 0.0624 0.0648 0.0667 0 .. 0683 
M- 0.1287 001264 
a/b::::1.25 
001251 0.1237 001227 001217 
M+ 0.0464 0.0599 0 .. 0648 0.0689 000725 0.0755 
M- 0.1202 0.1276 001295 0.1316 0.1338 001358 
a/b::::2 .. 0 ..' " ., .. " ~ ~ 
M+ 0.0422 0.0629 0.0695 000748 0 .. 0791 0.0826 
M- 0.1065 001312 0 .. 1390 0.1449 0.1499 001543 
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TABLE 3 
INTERIOR PANEL MOMENTS 
Moment Coefficients, C = M/qa2, in direction ~ 
Column Strip Width Equals Half the Shorter Side of Slab 
H (b/a) 0 005 1:~0 2.0 5;0 00 
a 
Average Middle StriE MomeBt Coefficients 
a/b=0.5 
0.028 M+ 0,,023 0.027 0.029 0.031 :0.033 
M- 0.030 00049 00056 00061 0.068 0.070 
a/b=008 
M+ 0.028 00024 0.023 0.023 00022 0.022 
M- 0.034 00043 00046 00050 00053 0.057 
Average Column StriE Moment Coefficients 
a/b=Oo5 
M+ 0.099 0.040 00028 00018 0 .. 010 00006 
M- 00243 00085 00056 0.036 0.025 0.013 
a/b=Oo8 
M+ 00062 00033 0.023 00016 0.010 0.005 
M- 0.158 0.066 0.046 0.032 0.022 0.013 
Avera~e Beam Stri~ Moment Coefficients 
a/b=Oo 5 
M+ 0.099 0.086 0.083 0.080 0.075 0.072 
M- 0 .. 243 0.186 0 .. 167 0.150 0,,138 00123 
a/b=Oo8 
M+ 0.062 00068 0.069 00070 0.071 0.071 
M- 0.158 0.145 00139 0.133 0.129 0.123 
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TABLE 4 
POSITIVE MOMENTS* FOR. UNIFORM AND PARTIAL LOADING PM'TERNS 
Interior Panels 
Moment Coefficients in direction a 
EI E\ 
Ha x b/a = ~ x a/b where Ha = bN a and ~ = aN 
Average Slab Moment Coefficients l C = ML~a 2 
H (b/a) 0 0.5 1.0 2.0 5.0 co 
a 
a/b=005 U.L.M** 000417 000304 000278 000263 000255 0.0251 
C.B.M 0.0533 000477 0.0464 000456 0.0452 000450 
Strip M 0.0833 0.0601 0.0521 000456 000401 000352 
a/b=0.8 U.L.M 0.0417 0.0277 0.0232 0,,0210 0.0172 0.0152 
CoB.M 000384 0.0314 0.0291 0.0280 0.0261 0 .. 0251 
Strip M 000833 000521 0.0398 0.0313 0.0230 (1.0161 
a/b=100 U.L.M 0.0417 000263 0.0208 0.0164 0.0127 0'00096 
CoBoM 0.0327 0,,0250 000222 0.0200 0.0182 0.0166 
Strip M 0.0833 000454 000331 0.0234 0.0155 0.0090 
a/b=1.25 U.L.M 000417 0.0248 0001B5 0.0133 0.0088 0.0049 
C.B.M 0.0313 0.0228 0.0197 000172 0.0148 000122 
Strip M 0.0833 0.0408 0.0279 0.0182 0.0105 0.0042 
a/b=2.0 U.LoM 0.0417 0.0208 0.0139 000085 0.0041 000005 
C.B.M 0.0256 000158 0.0124 0.0097 0.0075 0.0057 
strip M 0.0833 0.0313 0.0195 0.0113 0.0051 000004-
Beam Moment Coefficients~ C = M/qa3 
a/b=005 UoLoM 0 0.0226 000278 0.0309 0.0324 0.0331 
Strip M 0 0.0464 0.0626 000757 0.0865 000964 
a/b=008 UoLoM 0 0.0175 0.0231 000274 000307 000332 
Strip M 0 0.0392 000544 000659 0.0755 0.00841 
a/b=100 U.L.M 0 0.0154 0.0208 0.0253 0.0290 0~0321 
Strip M 0 000380 0.0503 000600 0.0679 000744 
a/b=1.25 U.L.M 0 0.0135 000185 000227 000263 o ~0294 
Strip M 0 0.0341 0.0443 0.0521 000583 0.0634 
a/b=200 UoLoM 0 0.0105 0.0139 0.0166 0.0188 000206 
StriE M 0 0.0261 0.0320 0.0361 0.0392 0.0415 
* All Li ve Load .. 
**UoL.M is moment for all panels loaded, C.BoM is moment for checker board 
loading pattern (Fig. 64a), and Strip M is moment for stri.p loading pattern 
(Figo 64d) . 
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TABLE 5 
NEGATIVE MOMENTS* FOR UNIFORM AND PARTIAL. LOADING PATTERNS 
Moments in direction a 
EI E~ 
H x b/a = ~ x alb where H = -.!! and ~ = -a a ~ d 
Average Slab Negative Moment Coefficients2 C= ML9:a 
2 
Ha (b/a) 0 0·5 1.0 200 500 00 
a/b=o 5 U.L.M** 0.0833 0.0581 0.0556 00'0548 0.0550 0.0558 
C.]3.M 0.0472 000732 
Strip M 0.1042 0.072 0.069 0.067 '. 0.065 000642 
alb = 08 U.L.M 0.0833 0.0519 000463 000428 000405 000390 
C.B.M 0.0338 000436 0.0532 
Strip M 0.1042 0.064 00056 00051 0.045 0.0415 
a/b=100 U.L.M 0.0833 0,,0488 000417 000364 0.0324 0.0291 
C.B.M 000333 0.0373 000428 
Strip M 001042 00060 00050 0.043 0.035 0.0299 
a/b=I.25 U.LoM 0.0833 0.0458 0.0370 0·.0303 0.0248 0.0201 
C.B.M 000276 0.0297 000317 
Strip M 0.1042 0.056 0.044 0.035 0.026 0.0200 
a/b=2.0 UoL.M 000933 0.0385 0.0278 000197 009133 000079 
C.BoM 000160 000150 000133 
Strip M 0.1042 0.047 0.033 0.023 0.014 000079 
Ne~ative Beam Moment Coefficients 9 C = ML~a3 
a/b=0.5 U.L.M 0 0,,0504 0.0556 000571 000567 0.0550 
Strip M 0 00064 00071 0.075 0.079 000800 
a/b=0.8 U.L.M 0 0.0394 000463 0.0507 0.0535 0.0553 
Strip M 0 00050 0.060 0.067 0.074 0.0784 
a/b=l.O U.L.M 0 0.0345 000417 0.0469 0.0510 0.0542 
Strip M 0 0.048 00054 00062 0.069 000743 
a/b=1.25 U.L.M 0 0.0301 0.0370 0.0424 0.0469 0.0507 
Strip M 0 0.038 0.048 0.055 0.062 0.0674 
a/b=2.0 UoLoM 0 000224 0.0278 000318 0.0350 0.0377 
Strip M 0 0.029 00035 0.041 00045 0.0482 
* All Live Load. 
**U .LoM is moment for. all panels loaded~ C .B .. M is moment for checker board load~ 
ing pattern (Fig 0 64b), and Strip M is moment for strip loading pattern 
(Fig .. 64e). 
a/b=0.5 
M+ 
M-
a/b=008 
M+ 
M-
a/b=leO 
M+ 
M-
a/b=lo25 
M+ 
M-
a/b=200 
M+ 
M-
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TABLE 6 
EFFECTS OF BEAM TORSIONAL STIFFNESS ON 
CEECKERBOARD LOADING MOMENTS IN INTERIOR PANELS 
Rigid Beams 
2 Average Moment Coefficients in Slab, C = M/qa 
Moment Distribution Solution 
(Reference 30) 
Plate Theor:;t Moment Distribution 
UL** CB+ UL* CB-:+ CB-:T 
~ II ~ 2~ ~~i 
T!.K=O 
~ 4l· 
TLK=r-1 
~ 5) 
000251 000450 000279 0.0467 0.0360 
0.0558 000732 000556 0.0728 0.0676 
0.0152 000251 0.0168 0.0262 0.0213 
0.0390 0.0532 0.0389 0.0528 0.0473 
000096 000166 0.0119 0.0178 000146 
000290 000428 000290 000434 000371 
0.0049 000128 000065 000099 0.0083 
0.0201 000317 000199 000322 000261 
000005 0.0057 000023 0.0032 000027 
0.0079 000133 000079 0.0156 0.0128 
*Interior Panel of 25 Panel Structureo 
~U.Lo indicates all panels loaded. 
+CoB. indicates checkerboard loading pattern. 
CB + 
TrK';2 (b) 
0.0330 
000633 
000196 
000449 
000136 
000342 
*000077 
000245 
000026 
0.0105 
H* J* 
o o 
200 2.0 
o o 
200 200 
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TABLE 7 
MOMENTS IN NINE - PANEL STRUCTURES 
Square Panels 
Rigid Columns clL = 0~10 
(Reference 32) 
Interior Span Moment Coefficients. 
M.f 
M-
M+ 
M-
M+ 
M-
M+ 
M-
-M ext 
-M ext 
+M 
-Mext 
+M 
-M. t ~n 
Int. Panel Int. Beam Edge Panel** Edge Beam 
0.038 
00062 
0.024 
0.,040 
00016 
00033 
00014 
0.034 
_. 
0.014 
0.028 
0.022 
00042 
00022 
00044 
End. S'p'an~ M.bmerYti. :GGefficients 
0.037 
00062 
0.025 
0.044 
0.016 
0.040 
00015 
0 .. 035 
00006 
0 .... 010 
00009 
00014 
00005 
0.,010 
Edge Panel* Into Beam Corner Panel Edge Beam 
00032 
00044 
00065 
00017 
00025 
0.040 
00011 
00016 
00033 
00025 
00017 
00034 
00033 
0.015 
0.030 
0.048 
00025 
0.044 
0.044 
0.,022 
0.042 
0.029 
00044 
0 .. 069 
0.,020 
00027 
0.046 
0.014 
0.014 
00039 
0.028 
00015 
00032 
00012 
0.006 
OD011 
0.020 
0~009 
00013 
0.010 
00004 
00008 
*H and J of interior beams. Spandrel beam values of H and J are half these 0 
**Span parallel to edge of structure. 
+Span perpendicular to edge of structure. 
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TABLE 8 
UNIFORM LOAD AND STRIP LOADING POSITIVE MOMENTS IN NINE-PANEL STRUCTURES 
H+ J+ 
0 0 
0·5 0.5 
2.0 0·5 
2.0 2.0 
0 0 
0·5 0·5 
2.0 0·5 
2.0 2.0 
Square Panels 
Rigid Columns~ clL = 0.1 
(Reference 32) 
Interior SEan Moment Coefficients 
Loading Int. Panel Into Beam 
U. L"~" 0.038 
Strip 0.046 
U .L'~,' .. 0.024 0.014 
Strip 0.027 0.015 
U.L. 0.016 0.022 
Strip 0.017 0.024 
U.L. 0.014 0.022 
Strip 0.014 0.022 
End SEan Moment Coefficients 
Edge Panel** Int. Beam 
U.Lo 0.044 
Strip 0.048 
U.L. 0.025 00015 
strip 0.027 0.015 
U.L. 0.016 00025 
strip 0.016 00025 
U.L: ... 0.017 0.022 
Strip 0,017 0,022 
Edge Pane 1* 
0.037 
0.046 
0.025 
0.028 
0.016 
0.017 
0.015 
0.015 
Corner Panel 
0.044 
0.048 
0.027 
0.028 
0.014 
0.015 
00015 
0.015 
+H and J of interior beams. Spandrel beam values half these. 
*Span parallel to edge of structure. 
**Span perpendicular to edge of structure. 
Edge Beam 
0.0055 
0,006 
0.009 
0.010 
0.005 
0.005 
Edge Beam 
0.006 
00006 
0.009 
0.009 
0.004 
0.004 
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TABLE 9 
EDGE PANEL MOMENTS; SPAN PARALLEL TO EDGE OF STRUCTURE, SLAB MOMENTS 
Rigid Columns, No Restraint of Free Edge of Slab" 
Moment Coefficient, C = M/qa2 
(Reference 25) 
Middle Strip Moment Coefficients 
H (b/a) 0 005 1 
a 
a/b=Oo 5 
M+ 000132* 000270* 
M- 0.0167 000467 
a/b=loO 
M+ 000275+ 000245+ 
M- 0.0395 000467 
a/b=200 
M+ 000315* 000220* 
M- 000545- 0.0395 
Wall Strip Moment Coefficients 
a/b= 05 
M+ 000375 000475 
M- 0 .. 0740 000845 
a/b=loO 
M+ 000220 000220 
M- 000450 000455 
a/b=2,,0 
M+ 000265 0,,0205 
M- 000475 000390 
Interior Column Strip Moment Coefficients 
a/b=Oo 5 
M+ 
M-
a/b~l .. O 
M+ 
M-
a/b=200 
0.0755 
001410 
0.0580 
001225 
M+ 000370 
M- 000810 
*Edge beam, H (b/a) = 00250 
a 
+Edge beam, H = 0050 
a 
0,,0235 
000435 
000235 
000425 
00 
000375 
000800 
0,,0195 
000540 
0.0032 
000175 
000200 
0,,0450 
000100 
000275 
000015 
000090 
000165 
000390 
000060 
Op0170 
000010 
000050 
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TABLE 10 
EDGE PA$L MOMENTS, SPAN PARALLEL TO EDGE OF STRUCTURE, BEAM MOMENTS 
Rigid Columns, No Restraint of Free Edge of Slabs 
H (b/a) 
a 
a/b=0.5 
M+ 
M-
a/b=l.O 
M+ 
M-
a/b=2.0 
M+ 
M-
a/b=o5 
M+ 
M-
a/b=loO 
M+ 
M-
a/b=2eO 
M+ 
M-
Moment Coefficient, C = M!qa3 
(Reference 25) 
Spandrel Beam Moment Coefficients 
0 0·5 1.0 
0.0113* 0.0125* 
0.0210 0.0170. 
0.0105+ 0.0088+ 
0.0190 000146 
0.0063* 0.0051* 
0.0109- 000091. 
Interior Beam Moment Coefficients 
o 
o 
o 
o 
o 
o 
000222* 
0.0435-
0.0230+ 
0.0423 
*Edge Beam, H (b/a) = 0.25. 
a 
**Sum of moments in spandrel beam and interior beam. 
+~dge Beam, Ha = 0.5. 
00** 
0.0263 
0.0458 
0.0278 
0.0465 
0 .. 0197 
0.0355 
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TABLE 11 
EDGE PANEL MOMENTS) SPAN PARALLEL TO EWE OF STRUCTURE, BEAM STRIP MOMENTS 
H (b/a) 
a 
a/b=0.5 
M+ 
M-
a/b=1.0 
M+ 
M-
a/b=2.0 
M+ 
M-
a/b=0.5 
M+ 
M-
a/b=l.O 
M+ 
M-
a/b=2.0 
M+ 
M-
Rigid Columns, No Restraint on Free Edge of Slab 
Moment Coefficient, C = M/qa2 
(Reference 25) 
Exterior Beam Strip Moment Coefficients 
0* 
0.0601** 0.0725 
0.1160 0,,1185 
0.0640+ 0.0572 
001210 001041 
000769** 0.0613 
0.1347 001118 
Interior Beam Strip Moment Coefficients 
0.0755 
0.1410 
0.0580 
001225 
0.0370 
000810 
0.0562 
0.1050 
000707 
001299 
0.0895 
0.1271 
* Interior Beam Stiffness 
~ Edge Beam, H (b/ a) = 0.25 
a 
..:- Edge Beam, H = 005 
a 
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TABLE 12 
EFFECTS OF BEAM TORSIONAL STIFFNESS ON EDGE PANEL MOMEN"TS 
Rigid Beams, All Panels Loaded 
Average Moment Coefficient in Slabs, C = M/qa 2 
Moment Distribution Solution 
(Reference 30) 
Parallel Span Slab Moment Coefficient 
Plate Theory Moment Distribution 
aLb T/K = 0 T/K = 1 T/K = 2 T/K= 00 
0·5 M+ 0.0279 0.0310 0.0292 0.0286 0.0279 
M- 0.0610 0.0586 0.0577 0.0572 .0.0556 
0.8 M+ 0.0194 0.0181 0.0177 0.0168 
M- 0.0465 0.0426 0.0414 0.0389 
1.0 M+ 0.0138 0.0109 0.0113 0.0115 0.0119 
M- 0.0381 0.0376 0.0337 0.0319 0.0290 
1.25 M+ 0.0084 0.0075 0.0072 0.0065 
M- 0.0287 0.0238 0.0224 0.0199 
2.0 M+ 0.0023 0.0027 0.0025 0.0024 0.0023 
M- 0.0123 0.0129 0.0102 0.0094 0.0079 
Perpendicular Span Slab Moment Coefficient 
0·5 -M ext 0 0 0.0282 0.0374 0.0556 
+M 0.0285 0.0336 0.0305 0.0295 0.0279 
-Mint 0.0730 0.0640 0.0612 0.0598 0.0556 
0.8 -M 
ext 0 0.0195 0.0259 0.0389 
+M 0.0173 0.0172 0.0171 0.0168 
-M. t 0.0415 0.0404 0.0401 0.0389 In 
1.0 -M 
ext 
0 0 0.0145 0.0194 0.0290 
+M 0.0085 0.0154 0.0137 0.0131 0.0119 
-Mint 0.0285 0.0290 0.0290 0.0291 0.0290 
1.25 -M 
ext 0 0.0100 0.0132 0.0199 
+M 0.0063 0.0064 0.0065 0.0065 
-Mint 0.0202 0.0199 0.0199 0.0199 
2.0 -M 
ext 0 0 0.0040 0.0053 0.0079 
+M 0.0012 0.0025 0.0024 0.0024 0.0023 
-M. t 0.007 0.0082 0.0080 0.0079 0.0079 In 
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TABLE 13 
EFFECTS OF BEAM TORSIONAL STIFFNESS ON 
CHECKERBOARD LOADING MOMENTS IN EDGE PANELS 
Rigid Beams 
Average MOment Coefficients in Slabs) C = M/qa 2 
MOment Distribution Solution 
(Reference 30) 
Parallel Span Slab MOment Coefficients 
T/K = 0 T/K = 1 T/K = 2 
alb UL* CB** UL CB UL CB 
0·5 M+ 000310 0.0480 000292 0.0362 0.0286 0.0330 
M- 000586 0.0794 000577 0.0678 0.0572 0.0628 
0.8 M+ 0.0194 0.0271 000181 0.0214 0.0177 000196 
M- 0.0465 000556 0.04'26 0.0483 0.0414 0.0450 
1.0 M+ 0.0109 0.0173 0.0113 0.0142 0.0115 0.0135 
M- 0.0376 000479 0.0337 0.0379 000319 0.0348 
1.25 M+ 0.0084 0.0109 0.0075 000085 000072 000077 
M- 0.0287 0.0366 0.0238 000273 0.0224 0.0244 
2.0 M+ 0.0027 0.0034 0.0025 000027 000024 0.0026 
M- 000129 000180 0.0102 000124 0.0094 0.0107 
Perpendicular Span Slab MOment Coefficients 
0·5 -M ext 0 0 000282 0.0352 0.0374 0.0433 
+M 0.0336 0.0493 0.0305 0.0363 000295 000331 
-M. t 0.0640 0.0810 000612 0.0683 000598 000639 In 
0.8 -M 
ext 0 0 0.0195 0.0242 0.0259 0.0305 
+M 0.0173 0.0263 0.0172 0.0211 0.0171 0.0195 
-M. t 0.0415 0.0539 0.0404 0.0475 0.0401 0.0449 In 
1.0 -M ext 0 0 0.0145 0.0191 0.0194 0.0233 
+M 0.0154 0.0195 0.0137 0.0150 0.0131 0.0138 
-M. t In 0.0290 000431 000290 000364 0.0291 000342 
1.25 -M ext 0 0 0.0100 0.0134 0.0132 0.0164 
+M 0.0063 000099 000064 0.0082 000065 0.0076 
-M. t 0.0202 0.0320 0.0199 0.0264 0.0199 000243 In 
2.0 -M ext 0 0 000040 0.0061 0.0053 000071 
+M 0.0025 0.0033 000024 000027 0.0024 000026 
-M. t 0.0082 0.Ol56 000080 000118 000079 0.0103 In 
*UL indicates all panels loaded. 
**CB indicates checkerboard loading patterno 
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TABLE 14 
INTERIOR SPAN MOMENTS IN NINE-PANEL STRUCTURES 
Rigid Columns, S~uare Panels 
(Reference 45) 
Slab Moment Coefficients, M/qa 2 
Interior Panel Edge Panel 
J H=0.25 H=1.0 H=2.5 H=0025 H=1.0 'H='2.05 
0.25 +M 0.0317 0.0212 0.0157 0.0312 0.0220 0.0176 
-M 0.0596 0.0419 0.0345 0.0600 0.0457 0.0401 
1.0 +M 0.0323 0.0216 0.0158 0.0315 0.0217 0.0168 
-M 0.0586 000414 0.0343 000576 0.0427 0.0371 
2·5 +M 0.0329 0.0215 0.0157 0.0316 000210 0.0160 
-M 0.0581 0.0412 0.0341 0.0566 0.0411 0.0352 
Beam Moment Coefficients, M/~a3 
Interior Beam. Edge Beam 
0025 +M 0.0106 0.0215 0.0275 0.0050 000094 000117 
-M 0.0244 0.0410 0.0480 0.0104 0.0163 0.0184 
1.0 +M 0.0105 0.0220 0.0277 0.0055 0.0103 0.0125 
-M 0.0246 0.0413 000482 0.0120 0.0186 000209 
2·5 +M 0.0105 0.0218 0.0270 0.0058 0.0109 0.0131 
-M 0.0245 0.0412 0.0482 0.0130 0.0202 0.0227 
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TABLE 15 
COMPARISON OF INTERIOR SPAN MOMENTS AS COLUMN STIFFNESS VARIES 
K(l+H) 
0 M+ 
M-
1.25 M+ 
M-
00 M+ 
M-
0 M+ 
M-
1025 M+ 
M-
oo M+ 
M-
Square Panels 
(Reference 45) 
Slab Moment Coefficient z MLqa 
2 
H* = J* = 0.25 H = 20 5~ 
Int. Panel Edge Panel Int. Panel 
0.0219 000173 0.0114 
0.0743 0.0638 000390 
0.0295 0.0279 000133 
000642 0.0608 000376 
000317 0.0312 000158 
0.0596 000600 000343 
Beam. Mom.ent Coeffic.ier..t,9 M/qa3 
Int" Beam 
000083 
0.0306 
000102 
0.0256 
000106 
000244 
Edge Beam 
Co0038 
o 0 01~·6 
000049 
0,,0112 
Into Beam 
000170 
0.06i7 
0.0217 
0.0553 
000277 
0.0482 
*For interior beamso H and J of edge beams 00625 times theseo 
J = 100 
Edge Panel 
.000115 
0.0383 
0.0140 
000376 
000168 
000371 
. Edge Bear: 
0.0066 
0.0274 
000089 
000238 
000125 
000209 
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TABLE 16 
EDGE PANEL MOMENTS" SP AN PERPENDICULAR TO EDGE OF STRUCTURE 
Rigid Columns" No Restraint of Free Edge of Slab 
(Reference 25) 
Avg. Col. Strip Moment Coefficient" M/ CIa 2 B.eam Strip, M/ qa 2 
H (b/ a) 0 0·5 1.0 co 0·5 1.0 a 
a/b=0.5 
-M 
ext 0.057 0.036 0 0.093 
+M 00091 0.046 0.017 0.074 
-M. t 0.123 0.077 0.046 0.131 In_ 
a/b=lo0 
-M ext 00067 0.017 0 0.120 
+M 0.068 0.025 0.002 0.075 
-M. t In 0·il..31 0.045 0.015 00135 
a/b=2.0 
... M 
ext 0.065 0.019 0 0.132 
+M 0.058 0.024 0.0003 0.073 
-M. t 0·1l3 0.044 0.002 0.136 In 
Avg. Middle striE Moment Coefficient~ M/ g"a 2 Beam" M/qa3 
a/b=O.5 
-M ext 0 0 0 0.057 
+M 0.057 0.040 0.040 0.028 
-M. t 0.026 0.047 00100 0.054 In 
a/b=100 
-M ext 0 0 0 0.052 
+M 0.054 0.025 0.015 0.025 
-M. t 0.059 0.046 0.042 0.045 In 
a/b=2.0 
-M ext 0 0 0 0.028 
+M 0.047 00024 0.002 0.012 
-M. t 0.093 0.040 0.012 0.023 In 
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TABLE 17 
END SPAN MOMENTS IN NINE-PANEL STRUCTJ~SJ elL = 0 
Rigid Columns) S~uare Panels 
(Reference 45) 
Slab Moments? M/qa 2 
Edge Panel Corner Panel 
,. H=0025 H=loO H=20 5 H=0.25 H=l.O H=2. :; u 
0.25 -M ext 0 000300 0.0144 000081 000280 000146 0.0100 
+M 000389 000235 0.0167 000378 Oe0253 0.0194 
-M into 000740 000428 0.0350 000636 000478 000415 
1.0 -M ext. 0.0405 0.9275 000186 000405 000267 000199 
+M 000360 000233 000164 0.0353 000233 000l.77 
-H into 000740 000428 000348 000603 0.0445 000385 
2.) -M ext. 000500 000322 00025.5 0.0481 0.0238 0002.53 
+M 000340 000225 000163 0.0334 000220 0.01.58 
-M ' .... lnl,o 000730 0.0420 000345 000569 000423 000366 
Beam Momer..:.ts ~ l-tfJi qa3 
Interior Beam Edge Bea;m. 
0025 -M ext 0 0.0318 000514- 0006c8 0.014i 000219 0"'-;-' oVC:'--'., 
+M 000123 000244 00031:3 000059 000108 CoOl.31 
-M into 0.0307 000460 0.0545 0.0125 0.c183 O.02l.0 
1.0 -M ext 0 0.0280 000470 000563 000141 000219 000246 
+M 000115 0.0230 000293 000060 000109 000138 
-M into 0.0308 0.0437 0.0500 0.0144 0.0197 0002.3:· 
2·5 -M ext. 0.0250 000434 000560 000138 000218 000244 
+M 000108 000222 000280 000062 0.0114- o .Olj1. 
-M into 0.0305 000423 000475 000141 0.0210 0.0281. 
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TABLE 18 
END SPAN MOMENTS IN NINE-PANEL STRUCTURES, clL = 0.10 
Varying Column Stiffnesses 
(Reference 45) 
Slab Moment Coefficients, M!qa 2 
H = J = 0.25 H = 2.5 J ==.1 
K~ l+HL Edge Panel Corner Panel Edge Panel Corner Panel 
0 -M ext -0.0016 -0.0024 000060 000077 
+M 0.0622 0.0562 0.0257 0.0247 
-M int 0.0740 000636 0.0394 0.0383 
1025 -M ext 0.0135 0.0135 0.0085 0.0105 
+M 0.0479 0.0448 0.0227 000224 
-M int 0.0700 0.0652 000392 0.0394 
3075 -M ext 0.0214 0.0218 000113 0.0134 
+M 0.0431 0.0414 0.0204 000208 
-M int 0.0668 0.0650 0.0367 000391 
00 
-M ext 0.0300 000280 000186 0.0199 
+M 0.0389 000378 0.0164 0.0177 
-M int 000615 000636 000348 0.0385 
Beam Moment Coefficients M/qa3 
Int. Beam Edge Beam Int. Beam .. Edge Beam 
0 -M ext 000023 000009 -0.0055 -0.0053 
+M 000178 0.0096 000518 0.0245 
-M int 0.0307 000149 000615 0.0275 
1025 -M ext. 000172 000084 000070 000019 
+M 0.0145 0.0071 0.0435 000206 
-M int 000313 0.0146 000650 0.0280 
3075 -M ext 0.0246 000116 0.0207 0.0084 
+M 0.0133 0.0064 000393 000181 
-M int 0.0300 0.0134 000638 o ~027.5 
00 
-M ext 0 .. 0318 0.0144 0.0563 000246 
+M 000123 0.0059 000293 0.0138 
-M int 0,,0278 000125 0.0512 000231 
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TABLE 19 
MOMENTS IN PLATE CLAMPED AT TWO ADJACENT EDGES 
AND SIMPLY SUPPORTED AT OTHER TWO EDGES 
(Reference 25) 
Slab MOment Coefficients M/qa 2 
alb Wall Strip Middle Strip Int. Colo Strip 
+M 0.025 0.050 0.022 
-M. t 0.057 0.110 0.050 In 
+M 0.010 00020 00007 
-Mint 0.030 00060 00020 
2.0 +M 00001 00002 0.0005 
-Mint 0.009 0.018 0.005 
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TABLE 20 
EFFECTS OF BEAM TORSIONAL STIFFNESS ON CORNER PANEL MOMENTS 
Rigid Beams} All Panels Loaded 
Average Moment Coefficients in Slabs} C = M/qa 2 
MOment Distribution Solution 
(Reference 30) 
Corner Panel Moment Coefficients 
Plate Theory MOment Distribution 
alb T/K=O T!K=l T/K=2 T/K=oo 
005 -M ext 0 0 000298 000386 0.0556 
+M 0.0365 0.039} 0.0324 000306 0.0279 
-Mint 000815 000716 000644 0.0617 000556 
008 -M 
ext 0 0.0218 000279 0.0389 
+M 00023l:t JoO.L90 000182 0.0168 
-M. t 1.n 000520 o. c+49 0.0429 000389 
1.0 -M 
ext 0 0 000170 0.0217 0.0290 
+M 0.0140 000156 0.0134 000128 0.0119 
-Mint 0.0425 0.0401 OoUj39 000321 000290 
1025 -M ext 0 000125 0.0151 0.0199 
+M 000086 000075 000071 0.0065 
-M. t 0.0296 Jo0241 000226 0.0199 1.n 
2.0 -M 
ext 0 0 0.0052 0.0063 0.0079 
+M 0.0015 000029 000026 0.0025 0.0023 
-Mint 0.0125 0.0134 0.0103 0.0094 0.0079 
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TABLE 21 
EFFECTS OF BEAM TORSIONAL STIFFNESS ON 
CHECKERBOARD LOADING MOMENTS IN CORNER PANELS 
Rigid Beams 
Average Moment Coefficients in Slabs) C = M/qa2 
MOment Distribution Solution 
(Reference 30) 
Corner Panel Slab MOments 
T/K = 0 T/K = 1 T/K = 2 
alb UL* CB** UL CB UL CB 
0·5 -M ext 0 0 0.0298 0.0354 0.0386 0.0435 
+ M 0.0393 0.0522 0.0324 0.0368 0.0306 0.0333 
-M. t 0.0716 0.0846 In 0.0644 000692 0.0617 000644 
0.8 -M ext 0 0 0.0218 0 .. 0247 000279 0.0308 
+M 000234 0.029l 0.0190 0.02l4 0.0182 0.0199 
-M. t In 0.0520 0.0603 0.0449 0.0490 0.0429 000459 
1.0 -M ext 0 0 000170 0.0197 0.0217 000239 
+M 0.0156 000196 000134 000148 0.0128 0.0137 
-M. t 0.0401 0.0488 0.0339 0.'0378 000321 000348 In 
1025 -M ext 0 0 0.0125 0.0146 0.0151 0.0168 
+M 0.0088 0.0112 0.0075 000084 0.0071 000077 
-M. t 000298 0.0370 0.0241 0.0270 0.0226 0.0250 In 
200 -M ext 0 0 0.0052 0.0064 000063 000073 
+M 0.0029 0.0035 0.0026 000028 0.0025 000026 
-M. t 0.0134 000181 0.0103 0.0123 0.0094 0.0105 In 
*UL indic ates all panel~ loaded. 
**CB indicates checkerboard loading pattern. 
TABLE 22 
MOMEN1'S AT DESIGN SECTIONS IN THE FLAT PLATE 
CORNER PANEL A). TEST 106 
Loa.d DL 1 
MEASURED MOMENT ~KIP-IN~ 
2 3 1+ 5 
Load,psf 44 72 84 101 lOT 118 
Exterior Negative Moment 
Column Strip ·52 .86 1.05 1.43 1.66 2.06 
Middle Strip .37 .61 .72 ,,87 ·92 1001 
Wall Strip .28 ,46 .53 .65 .79 1.08 
Beam .57 ·93 1.09 1.31 1.38 1.53 
Interior Negative Moment 
Column Strip 1.83 2·91 3.16 3.29 3.61 3.B3 
Middle Strip 1.68 2.77 3.03 3.43 3·55 3.81 
Wall Strip .70 1.16 1.33 1.49 1,69 1·90 
Beam 1.11 1.B4 2.14 2,59 2.76 2·97 
Total Ext '. Neg, Moment 1.74 2.86 3· 39 4.26 4.75 5.68 
'I'otal Int. Neg. Moment 5·33 8.68 9.56 10.80 11.61 12·51 
Average Negative Moment 3.54 5 77 6.48' 7·53 8.18 9·10 
Positive Moment 
Column Strip .71 1.85 2.15 2.58 2.64 2.68 
Midd~e Strip 1.8e 3.16 3.67 4.43 4.70 5.03 
Wall Strip .43 .69 .82 .98 1.04 1.15 
Beam .81 1.36 1.58 1.90 2.01 2.19 
Total Positive Moment 3.83 7.06 8.22 9.89 10,39 11.05 
Total Moment 7.37 12.83 14.70 17.42 lB. 57 20.15 
ACI 
6 DESIGN 
140 MOMENT 
2,36 3.53 
1.20 1.76 
1.44 2.64 
1.76 2.80 
4.24 4.45 
4.33 3.18 
3.01 3.34 
3.47 4.48 I ,~ .1 
CD 
G'\ 
6.76 .10.73 I 
15,05 15.45 
10·91 13.09 
2.78 2.47 
5.12 3.53 
1,35 1·93 
2.37 3.20 
11.62 11.13 
22·53 24.22 
TABLE 23 
MOMENTS AT DESIGN SECTIONS IN THE FIAT PLATE 
EDGE PANEL B) PERPENDICULAR TO THE SHALLOW BEAM., TEST 106 
MEASURED MOMENTS (KIP-IN) ACI 
Loa.d DL 1. 2 3 4 5 b DESIGN 
Loa.d, pst 44 72 84 101 101 118 140 MOMENT 
Exterior Negative Moment 
Column Strip .69 1,13 1.67 1.98 2.20 2.67 3.49 7.06 
Middle St.rip 
·55 ·90 1.05 1,26 1.33 1.47 1.75 1.76 
Interior Negative Moment 
Colwnn Strip 2.77 4.81 5,55 6.80 7.16 7·90 9·01 8·90 
Middle Strip 1.56 2.56 3.17 3.94 4.05 4.30 4·90 3.18 
Total'Ext" Neg. Moment 1.24 2.03 2·72 3.24 3.53 4.14 5.24 8082 
Total Int, Neg. Moment 4.33 7.37 8.72 10.74 11.21 12.20 13·91 12.08 I 
Average Negative Moment 2.78 4070 5.72 6.99 7037 8.17 9·57 10.45 J-l ex> 
--..l 
I 
Positive Moment 
Column Strip 1.93 3.21 3.74 4.47 4.63 4.88 5.35 4.94 
Middle Strip 1.64 2·71 3.18 3,82 4.06 4.40 4,98 3.53 
Total Positive Moment 3.57 5·92 6092 8.29 8.69 9·28 10.33 8 ... 47 
Total Moment 6.35 10<62 12.64 15·28 16.06 17.45 19·90 18·92 
TABLE ~'!I 
MOMEwrs Nr DESIGN SECrrONS IN THE J.l'LA'l.' PLNI1E 
EDGE PANEL B, PARALLEL 1D THE SHALIDW BEAM, TEST 106 
MFASURED MOMENT (KIP-1Nl ACI 
L::':8Jd Dr, 1 2 3 4 5 6 DESIGN 
L·)aH~.~ ps f Lt 4 ""l.t'") ~'-l:;+ IG1 .;: -.~ lin 11~O MOMENT I ... ~ \1 ; 
Negative Moment 
Column Strip 1.8:2 2.88 3.12 3.34 3·58 3.84 4 33 3·97 
Midclle Strip 1.58 2,62 2096 3.37 3.49 3·77 4.27 2·77 
Wall Strip .67 1'.11 1.29 1·50 1.63 1·77 2·53 3.11 
Bel-)1ll 9c; 
' . ./ 1·52 1.78 2,14 2.29 2.49 3.11 4.48 
---. 
Total Negative Moment 5.02 8.13 9·15 10.35 10·99 11.87 14.,24 14.33 
Positive Moment I 1_.' 
Col'lunn Strip 
·9.3 1,52 1.83 2<02 2.10 2.22 2.50 1·90 CD CD 
Middle Strip 1.58 2.61 3.06 3.67 3.85 4.10 4.69 2.77 I 
Wall Strip .41 .72 .86 1.03 1.08 1,19 1.41 1.58 
Beam 3') . '- " 50 .61 ·71 ,76 .8 ll- 099 2.68 
Total Positive Moment 3.24 5·35 6.36 7,43 7·79 8.35 9· 59 8·95 
Total Moment 8026 13.4B 15·51 17.78 18.78 20.22 23.83 23.28 
rrABLE 25 
MOMENT~) AT DESIGN SECTIONS IN THE FLArr PLA'rE 
CORNER PANE], C, l'ERPENDICLJLAR TO THE :3HALLOW BEAM, TEST 106 
MEASURED MorvlENT ~ KI P - IN) ACI 
VJ&i.l DL 1 2 3 4 c: ~ DESIGN .) b 
L0t.vl, ps t I J 4'~ "'.jJ~~ ! c_ 8u 101 107 11(~\ 140 MOMENT 
---------
Exterior Negative Moment 
Column Strip ,uG 1.09 1.27 1.56 1.73 2.08 2.39 3.53 
Middle Strip . 5)~ .89 1.04 1.25 1.32 1.46 1.73 1.76 
Wall Strip . 1. Ij .23 .27 .32 .34 .38 .45 1.76 
Beam. .611 .9}+ 1.08 1.32 1.37 1·50 1.69 4.57 
Interior Negative Moment 
Column Strip 1.50 2.50 2.87 3.48 5.51+ 3.82 4.40 4.45 
Middle Strip 1.23 2.01 2.37 2.83 2·99 3.28 3.82 3.18 
Wall Strip .16 ,27 .32 .39 .41 .45 .54 2.28 
Beam 1.77 2.89 3.28 4.03 4.28 4.67 5·55 7.31 Co 
~ 
Total Ext. Neg. Moment 1.98 3.15 3.66 4.45 4.76 5.42 6.26 11.62 I 
Total Int. Neg. Moment 4.66 7.67 8.84 10.73 11.22 12.22 14.31 17022 
Average Negative Moment 3.52 5.41 6.25 7.59 7·99 8.82 10.28 14.42 
Positive Moment 
Column Strip .88 lu86 2018 2.47 2·53 2.65 2.81 2.47 
Middle Strip 1.17 2.20 2.59 3.08 3.28 3060 4.23 3.53 
Wall Strip .25 .43 .49 .59 .63 .69 .81 1.23 
Beam 
·90 1.48 1.72 2.09 2.21 2.47 2·91 5.22 
Total Positive Moment 3.20 5·97 6.98 8.23 8.65 9.40 10.76 12.45 
Total Moment 6.52 11.38 13.23 15.82 16.64 18.22 21.04 26.87 
r:PARLE 26 
MOMENTS AT DESIGN SECTIONS IN THE FIAT PJ~ 
CORNER PANEL C, PERPENDICULAR TO THE DEEP BEAM, TEST 106 
Load 
Load,per 
Exterior Negative Moment 
Column Strip 
Middle Str:;._p 
Wall Strip 
Beam 
. ___ ME_~URED MOMENT (KIP-IN.-L' )__ -,..-_ 
DL 1 2 3 4 S 
44 12 8h 101 107 118 
,87 1. 4~) 1,,98 2·35 2.45 2,65 
.86 },42 1.65 1·95 2.0:) 2.25 
• )+;') 62 
·75 89 91:-• .J 1.0~) 
.22 03)+ ,40 ,47 ,51 ,60 
6 
140 
3,,03 
2.60 
} .. 26 
,,71 
ACI 
DESIGN 
MOMEN1.1 
2"81 
3,,53 
2012 
2.80 
_. __ --.._-------_. 
------------.-.. 
Interj_or Negative Moment 
Column Strip 
Middle Steip 
Wall Strip 
Beam 
.--"---------------
Tbtal Ext. Neg. Moment 
Tot.al Int. Ne80 Moment 
Average Negative Moment 
1086 2087 3·18 3,1£ 3u61 3·82 4026 4045 
1049 2.48 2.89 3,31 30.44 3·73 4022 3·18 
.64 1L07 1.25 1c51 1,58 1,64 2.05 3·31.1-
1,.04 1 0 70 2.01 201£ 2.63 2·95 3·)+1 4.1£ 
-----,-- -----~--------------------------~ ---------
2,3') 3~83 4,,78 5.66 i5·9b 6.55 7·60 11.26 5 r,7. 
,U) 8.12 9,,3.3 10·78 11.26 12 111- 13061 15,45 
3·69 5,98 7·05 8,22 8"61 9033 10,,60 13·_35 
---~-----~------------,----.-----,--.. -------------~--------~----
P,:)sitive Moment 
Column Strip 
~"1jdd1e Stri.p 
Wall St.rip 
Beam 
rrotal Pos it i ve Moment 
Tot,al Moment 
1016 1,94 2.27 2"56 
1 87 3·08 ~I, 58 4.13 
,1+6 ,72 .83 1.02 
,63 1.03 lo :20 1 .. 4l1-
---_ .. _-.0_-_. 
4,12 6.77 7.88 9·15 
7·81 12·75 14·93 17·31 
._----------, 
2057 206cI 2.66 2.47 
4.30 4056 4,,86 3·53 
1007 1.·.22 1. )+2 1·93 
1,,53 1.69 2000 3·20 
.---. 
9. 1+7 10·0'7 10.91+ 11.13 
18.08 19.40 21.54 24.48 
I 
I.....} 
'8 
I 
t,oild 
LC'lldJ, pst' 
Negative Moment 
Column Strip 
Middle St.rjp 
Total Ncgati ve Momf>.nt 
Positive Moment 
Column Strip 
Middle Strip 
Total Positive Moment 
Total Moment 
'l'ABLE ?'r 
MOMEN'rS A'l' DESIGN SEC'fIONS IN THE FLAT PL.l\TE 
INTERIOR PANEl, E, TEST 106 
MEASUF.ED MOJvlliN'UKIP-IN.) 
--------------DL 
44 
2.62 
1,,1~ 
4.02 
1 0 1~2 
1.04 
2.46 
6.48 
-, 
J 
72 
J+.4(; 
2.26 
6.,{2 
2 
84 
5,17 
2·90 
8.07 
3 
101 
6.12 
3· 47 
9,59 
--------------
2·39 
1.69 
4,08 
2.81 3.47 
2.06 2.46 
4.87 5,93 
10.80 12.94 15.52 
4 
101 
----------- --
6.67 
,)066 
10c33 
.3·73 
2.63 
6 .. 36 
16069 
5 
118 
7·38 
)+.O~3 
11046 
1+ 018 
2·91 
7·09 
18. )5 
ACI 
---r DESIGN 
140 MOMENT 
8061 7095 
4.65 2·77 
13026 I 10·72 1_ I \:0 
\--' 
I 
.4.87 3·80 
3·40 2·77 
8.27 6.57 
21.53 17 ·29 
TABLE 28 
M:>MENTS AT DESIGN SEX:;TIONS IN THE FLAT PLATE 
EDGE PANEL F) PERPENDICULAR TO THE DEEP BEAM) TEST 106 
MEASURED IDMENT ~ KIP-IN .J 
Load ~~----~-- 2 4 5 6 DL 1 3 
Load, pst 44 72 84 101 101 118 140 
Exterior Negative MOment 
Column Strip 1·55 2·55 3·00 3·57 3·75 4.08 4.83 
Middle Strip .60 1.00 1.18 1.40 1·50 1.65 1·90 
Interior Negative MOment 
Column Strip 3·21 5·20 5·70 6.43 6.69 7.18 8.05 
Middle Strip 1.67 2.86 3·23 3·50 3·70 3.76 4.16 
Total Ext. Neg. MOment 2.15 3·55 4.18 . 4.97 5·25 51~ 6.73 
Total Int. Neg. MOment 4.88 8.06 8·93 9·93 10·39 1G.94 .l.~.21 
Average Negative MOment 3·52 5·80 6·55 7·45 7·82 8·33 9.47 
Positive MOment 
Column Strip 1·92 3·31 3·82 4·33 4·53 4.70 5·01 
Middle Strip 1·56 2.65 3·09 3·69 4.01 4.55 4.81 
Total Positive MOment 3.48 5·96 6·91 8.02 8·54 9·25 9·82 
Total MOment 7.00 11.16 13.46 15·47 16·36 17 .. 58 19·29 
ACI 
DESIGN 
IDMENT 
5·63 
3·53 
8·90 
3.18 
9.16 I 
12.08 \-' \D 
10.62 J\) I 
4·94 
3·53 
.8.47 
19·09 
Load 
TABLE 29 
MOMENTS AT DESIGN SECTIONS IN THE FLAT PLATE 
EDGE PANEL F) PARALLEL TO THE DEEP BEAM) TEST 106 
MEASURED MOMENT ~KIP-INl 
DL 1 2 3 4 5 
I,\)a. .. i J ps t· hlt 72 84 101 107 lle. 
Negative Moment 
Column Strip 1.30 2.25 2.62 3,.08 3.30 3056 
Middle Strip 1.33 2.01 2.37 2.83 2·99 3.28 
Hall Strip .16 .27 .32 .39 .41 .45 
Beam 1.15 1.63 2.08 2·52 2.70 2·90 
Total Negative Moment 3·9)+ 6.21 7.39 8.82 9.40 10.19 
Positive Moment 
Column Strip .70 1015 1.36 1.64 1·72 1·91 
Middle Strip .67 1.13 1.31 1.58 1.72 1<86 
Wall Strip .16 .26 .30 .37 
· 39 < 44 
Beam .44 .68 .84 1.00 1004 1.16 
Total Positive Moment 1·97 3.22 3.81 4.59 4087 5.37 
Total Moment 5·91 9·43 11.20 13.41 14.27 15056 
ACI 
6 DESIGN 
140 MOMENT 
4.19 3·97 
3.82 2077 
.54 2.08 
3.65 6.37 
12.20 15·19 
I :_1 
\D 
2.28 1·90 \J~ I 
2.21 2·77 
·53 1.04 
1.36 4.38 
6.33 10.09 
18.58 25.28 
TABLE 30 
MOMENTS AT DESIGN SECTIONS IN THE FLAT PLATE 
CORNER PANEL J J TEST 106 
MEASURED MOMENT (KIP-IN) ACI 
Load DL 1 2 3 4 5 6 DESIGN 
~oad,p8f 44 72 84 101 107 118 140 MOMENT 
Exterior Negative Moment, 
Column Strip .75 1.30 1.50 1.80 2.05 2.40 2~75 2.81 
Middle Strip .58 .94 1.10 1035 1.40 1.55 1.85 3.53 
Wall Strip .35 .57 066 081 085 .95 1.12 1.41 
Beam .74 1.34 1.38 1.71 1.77 1.92 2.04 4.57 
Interior Negative Moment 
Column Strip 1.23 2.12 2.47 2.90 3.11 3.39 4.00 4.45 
Middle Strip 1.23 2.01 2.37 2.83 2.99 3.28 3.82 3.18 
Wall Strip .16.27.32.39.41.45.54 2.28 
Beam 1.73 3.06 3.62 4.44 4.69 5.09 6.07 7.31 
, 
f-' 
Total Ext. Neg. Moment 2.4-2 4015 4.64 5.67 6.07 6.82 7.76 12.32 'iJ-
Total Int. Neg. Moment 4.35 7.46 8.78 10.56 11.20. 12.21 14.43 17.22 I 
Average Negative Moment 3.38 5.80 6.71 8.12 8.64 9.52 11.10 14.77 
Positive Moment 
ColUmn Strip 1.12 1.85 2.08 2.38 2.49 2.58 2.63 2.47 
Middle Strip 1.41 2.15 2.57 3.03 3.22 3.49 3.80 3.53 
Wall Strip .15 .21 .26 .32 .34 .40 .45 1.23 
Beam .74 1.35 1.48 1.76 1.89 2.09 2.46 5.22 
Total Positive Moment 3.42 5.56 6.39 7.49 7.94 8.56 9.34 12.45 
Total Moment ·6.80 11.36 13.10 15.61 16.58 18.08 20.44 27.22 
TABLE 31 
MOMENTS AT DESIGN SECTIONS IN THE FLA.T SLAB 
CORNER PANEL A} TEST 208 
MEASURED MOMENT ~KIP-INL 
L'Ald DL 1 2 3 4 
Loadjlps:r 44 ·c.~·1 121 158' 203 
Exterior Negative Moment 
Column Strip ,48 .89 1.1~1 2.04 3,21 
Middle Strip .18 .40 .60 ,81 .. ge 
Wall Strip , 45 .86 1.31 1.76 1·98 
Beam .42 096 1.32 1,69 2.05 
Interior Negative Moment 
Column Strip 1.78 3.43 4.97 6.05 7.05 
Middle Strip 1.34 2.61 3·93 4·96 6.54 
Wall Strip 1·51 3.03 4.58 5.13 5.94 
Beam .82 1.63 2.49 4.03 5076 
Total Ext. Neg. Moment 1.53 3.,11 4.64 6.30 8022 
Total Into Neg, Moment 5· 45 10·70 15·97 20.17 25·29 
Average Negative Moment 3.49 6,90 10030 13,23 16.75 
Positive Moment 
Column Strip ,70 1·53 2. )+0 3.02 3.25 
Middle Strip 1.11 2.43 3,'78 5·26 6.44 
Wall Strip .45 .85 1.60 2.62 3.02 
Beam .71 1,33 2,04 3.17 4.49 
Total Positive Moment 2·97 6.14 9.82 14.07 17·20 
Total Moment 6.46 13.04 20.12 27030 33.95 
a...a..a. ............................ J.....AII."~ .A' ....... ~ __ -... _._ 
ACI 
5 6 DESIGN 
241 280 MOMENT 
4.09 4.47 5.96 
1.23 1.41 3.03 
2.22 2.44 5·25 
2.42 3.02 5·10 
7.96 9·09 7.72 
7.06 7,64 4.68 
7.19 8.32 7.51 
7.66 9.87 8.16 I I-' 
\D 
\Jl 
9.96 11.34 19.34 I 
29·87 3L~. 92 28.07 
19·92 23.13 23.70 
3·99 4.83 3.30 
7,31 8.43 5·51 
3.34 3.72 ·3·55 
5.62 6.85 5.83 
20026 23.83 18.19 
40.18 46.96 41.89 
TABLE 32 
MOMENTS AT DESIGN SECTIONS IN THE FLAT SLAB 
EDGE PANEL B, PERPENDICULAR TO THE SHALLOW BEAM, TEST 208 
o MEASURED MOM:E:NTS (KIP-IN) ACI 
L,)ad DL 1 2' 3 4 5 6 DESIGN 
Load, psf 44 81 121 1519 203 241 280 'MOMENT 
Exterior Negative Moment 
Column Strip 1.04 2.00 3.1~- 4.:29 5.89 7,25 8.03 11,92 
Middle Strip .28.40.60 .Bl .98 1.23 1.41 3c03 
Interior Negative Moment 
Column Strip 2.56 5.82 9.00 10.<33 13.83 16.24 18.55 15.44 
Middle Strip 1.33 2.70 4013 5.49 6 .. 5'3 8042 9.54 4.68 
I 
Total Ext. Neg. Moment 1.32 2.40 3<74 5010 6087 8.48 9.43 14.95 0 
Total Int. Neg. Moment 3.89 8052 13.13 16.32 20036 24.66 28.09 20.12 ~ 
Average Negative Moment 2.60 5.46 8.44 10.71 13.62 16.57 18.76 '17.:53 
Positive Moment 
Column Strip 1.47 2.91 4.43 5.90 6.42 7.57 8.87 6.60 
Middle Strip 1.20 2.34 3.87 5.57 6.38 7.10 8.11 5.51 
Total Positive Moment 2.67 5.25 8.30 11.47 12080 14.67 17.04 12.11 
Total Moment 5027 10,71 16074 22.18 26.42 31.24 35080 29.64 
rrABlE )3 
MOMEN'rS AT DESIGN SECTIONS IN THE FLAT SLAB 
EDGE PANEL BJ PARALLEL TO THE SHALLOW BEAM, TEST 208 
MEASURED MOMENT ~KIP-IN2 
Loa.d DL 1 2 3 4 5 
l.,oad,psf' 44 81 121 158 203 241 
Negative Moment 
Column Strip 1.26 2034 3·,97 5030 6.14 ,6092 
Middle Strip 1,28 2·50 3.78 4.84 6042 6·98 
Wall Strip J.47 2·97 4.52 5,12 5.88 7.09 
Beam .65 1.23 1·95 2,82 4·.25 . 5.86 
Total Negative Moment 4.66 9·04 14.22 18.08 22n69 26085 
Positive Moment 
Column Strip .,73 1.49 2023 2084 2,95 3.02 
Middle Strip 1.02 2,06 3.15 4.21 5,50 5·95 
Wall Strip .37 ,71 1.05 lc43 1,91 2.43 
Beam 034 .65 094 1.28 1.89 2·55 
Total Positive Moment 2.46 4.91 7.· 37 9.76 12.25 13·95 
Total Moment 7012 13095 21,·59 27.84 34·94 40.80 
ACI 
6 DESIGN 
280 MOMENT 
7.98 6.89 
7.68' 4.12 
8.21 6.67 
7.63 8.16 
31·50 25.84 
1 
3.23 2075 1-' \.0 
6,68 4012 --:J I 
2,59 2,79 
3·,28 4.96 
15·78 14.62 
47n28 40.46 
TABLE 34 
MOMENTS AT DESIGN SECTIONS IN THE FLAT SLAB 
CORNER PANEL C, PERPENDICULAR TO THE SHALLOW BEAM, TEST 208 
---
MEASURED MOMENT· {KIP-IN2 ACI 
Load ~\ 1 2 3 4 5 6 DESIGN Load I pst 81 121 158 203 241 280 MOMENT 
Exterior Negative Moment 
Column Strip 0 69 1.34 2.05 2.72 3e77 4,22 4,,59 5.96 
MiddJ_e Strip .18 .38 ·58 080 ·99 1.19 1.,39 3u03 
Wall Strip .18 .37 ·53 .74 1.21 1·95 2,35 2.70 
Beam .16 .25 036 ·53 079 le55 2,,77 9·2(7 
Interior Negative Moment 
Column Strip 1·50 3004 4059 5.88 6.92 8020 9·52 7072 
Middle Strip 1.11 2.14 3.26 4.10 5023 5079 8.65 4.68 
Wall Strip .24 
·50 ·73 1.05 1014 1<25 1,.42 3085 
Beam 2.68 4.89 7e 42 9.48 13.07 18075 21.82 14.83 I 
\-l 
2.3~ 4079 6.76 8.91 20.96 \D Total Ext. Neg. Moment 1.21 3·52 11.10 OJ J 
Total Int. Neg. Moment 5·53 10~57 16000 20·51 26.36 33·99 41041 31.08 
Average Negative Moment 3.37 6045 9.76 12.65 16e 56 21.45 26.25 26.02 
Positive Moment 
Column Strip .81 1.53 2.34 3.01 3.18 3.58 4.34 3· 30 
Middle Strip 1.07 2.03 2·99 4009 5,32 5·90 6.)9 5·51 
Wall Strip .13 035 .63 1.20 1·53 1,57 1,60 1.79 
Beam 1.41 2.75 4022 5044 6.97 8u18 9·14 10·59 
Total Positive Moment 3042 6.66 10.18 13074 17·00 19.23 21067 21.19 
Total Moment 6.79 13,11 19.94 26.39 33.5,6 40.68 47.92 47.21 
TABLE; 35 
MOMENTS Nr DESIGN SECTIONS IN THE FLAT SLAB 
CORNER PANEL C) PERPENDICULAH TO THE DEEP BEAM) TEST 208 
MEASlJRED MOMENTS ~KIP-IN2 
Load DI. 1 2 3 4 5 
Lorut,psf 44 81 1,-,1\ <_A 158 20; 241 
Exterior Negative Moment 
Column Strip 
·70 1·55 2.46 3.06 3.78 5011 
M1ddle Strip .56 1.22 1·91 2·59 3.27 3095 
Wall Strip • )-18 , • 9~.1 1.46 1·75 2039 3.21 
Beam .31+ .64 .94 1·31 1··97 2.89 
Interior Negative Moment 
Column Strip 1·53 2.69 4. 5~· 5.67 6045 7.44 
Middle Stri.p 1.23 2.40 3.64 4.73 6.30 6.90 
Wall Strip 1.44 2·91 4.45 5·10 5.82 6.99 
Beam .84 1.64 2.45 3.80 5.45 7.43 
Total Ext. Neg. Moment 2.08 4.37 6.77 8.71 11.41 15016 
Total lnt. Neg. Moment 5.04 9·6~. 15.08 19· 30 24.02 28.76 
Average Negative Moment 3.1)6 7·00 10·92 14.00 17.71 21.96 
---
Positive Moment 
Column Strip .81 '1.42 ~:'. 35 3.02 3.47 3·93 
Middle Strip 1 .. 39 2.74 1+-.20 5·95 6.44 6092 
Wall Strip e 47 092 1045 2.37 2~61 2.82 
Beam 
·73 1,41 2.15 2·93 3.79 4.80 
Total Positi.ve Moment 3. ltO 6.49 10.15 14.27 16031 18.47 
'rotal Moment 6.96 13.49 2J,.07 28027 34.01 40.43 
ACI 
6 DESIGN 
280 MOMENT 
6.64 4.95 
4.63 5·51 
3.60 5.77 
3.67 5.10 
8.63 7.72 
7·72 4.68 
8.10 7051 I 
9·32 8.16 J-1 ~ 
I 
18.54 21.33 
33·77 28.07 
26.15 24.70 
4.48 3.30 
7 c 41 5·51 
3.07 3·55 
5.67 5.83 
20,63 18.19 
46.78 42.89 
Load 
Load, pst 
Negative Moment 
Column Strip 
Middle Strip 
Total Negative Moment 
Positive Moment 
Column Strip 
Middle Strip 
Total posi·ri ve Moment 
Total Moment 
TABLE 36 
MOMENTS AT DESIGN SECTIONS IN THE FLAT SLAB 
IN~IOR PANEL E, TEST 208 
MEASURED MOMENT (KIP -IN) 
DI, 1 2 3 4 
44 81 121 158 203 
2. 2~7 l~ • ~;2 6.60 9·28 11.67 
1.2:4 2 .1.~5 ;'074 5·53 7·13 
3·51 6.97 10·34 14.81 18.80 
1.02 2.04 2~·93 3·98 5.44 
·59 1.12 1·70 2.27 3·17 
1.61 3·16 ~-.63 6.25 8.61 
5·12 10.13 1~~. 97 21.06 27.41 
ACI 
5 6 DESIGN 
241 280 MOMENT 
13. 40 15·17 13·77 
8.65 9.40 4.12 
22.05 24.57 17.89 
6.19 6.40 5·51 
4.20 5·37 4.12 I lD 
0 
0 
10·39 11·77 9.63 I 
32.44 36·34 27·52 
TABLE 37 
MOMENTS AT DESIGN -SECTIONS IN THE FLAT SLAB 
EDGE PANEL F, PERPENDICULAR TO THE DEEP BEAM, TEST 20B 
MEASURED MOMENT (KIP-IN) ACI 
Loa.d DL 1 2 3 4 5 6 DESIGN 
Load,psf' 44 81 121 158 203 241 280 MOMENT 
Exterior Negative Moment 
Column Strip 1.23 2.41 3·79 4.66 5·73 7.08 10·79 9·90 
Middle Strip .44 08B 1·33 1.60 2012 2.43 2·91 5·51 
Interior Negative Moment 
Column Strip 2.66 5·88 8.14 9·74 12~07 13·89 15~B5 15.44 
Middle Strip 1.24 2.49 3·75 4.94 6.20 7.85 9044 4.68 
I 
Total Ext~ Neg. Moment 1067 3·29 5·12 6026 7.85 9·51 13·70 15.41 
f\) 
0 
Total Int. Neg. Moment 3090 B·37 11.89 14.68 18027 21.74 25·29 20.12 ~ I 
Average Negative ~1oment 2.78 5.83 8050 10.47 13·06 15.62 19·50 17.77 
Posttive Moment 
Column Strip 1.45 2·94 4.49 5·95 6.44 7·12 7·95 6.60 
Middle Strip 1·32 2·53 3·98 5.76 6.12 6.43 7·17 5·51 
Total Positive Moment 2·77 5.47 8.47 11·71 12.56 13·55 15.12 12.11 
Total Moment 5·55 11·30 16.97 22018 25.62 29·17 34.62 29.88 
Load 
TABLE 38 
MOMENTS AT DESIGN SECTIONS IN THE FLAT SLAB 
EDGE PANEL F) PARALLEL TO THE DEEP BEAM) TEST 208 
MEASURED MOMEN11 {KIP-IN} 
DL 1 2. 3 4 5 
Lcad,psf 44 81 121 158 203 241 
Negative Moment 
Column Strip l.l!~ 2.32 3.48 5·25 6.29 7.31 
Middle Strip 1.00 1,94 2·97 3090 5024 6.74 
Wall Strip .24 ·50 ,·73 1,05 1014 1.25 . 
Beam 2,00 3.76 5.68 7·73 10.67 16020 
Total Negative Moment 4. )3 8.52 12086 17093 23.34 31·50 
Positive Moment 
Column Strip .47 
·95 1.48 2.03 2074 3.01 
Middle Strip .62 1.27 1.,84 2.35 3.23 5.18 
Wall Strip .07 .18 .24 
·30 ·37 . ·51 
Beam 069 1,26 1.89 2· 39 3,15 4,41 
Total Positive Moment 1.~85 3066 5.45 7·07 9· 49 13.11 
Total Moment 6.23 12.18 18.31 25000 32.83 44.61 
ACI 
6 DESIGN 
280 MOMENT 
8035 6.89 
8019 4.12 
1.46 3·57 
21.38 14.83 
39·38 29·41 I I\) 
0 
1'0 
I 
3.21 2·75 
6.26 4.12 
.69 1.37 
5·73 7·21 
15·89 15.45 
55.27 44.86 . 
TABLE 39 
M)MENTS AT DESIGN SECTIONS IN THE FLAT SLAB 
CORNER P ANE..'L J, TEST 208 
'Load DL 1 
MEASURED IDMENT fKIP-IN.) 
2.3 5 
Load,psf 41~ 81 121 158 203 241 
Exterior Negative Moment 
Co1wnn Strip .65 1.:36 1·98 2.67 3·75 5·29 
Middle Strip .60 1,,29 1.84 2·33 2.60 ).10 
Wall Strip 050 1.07 1.60 2.15 3·01 4.79 
Beam 
·33 " '(0 ·91 1.19 1.85 2.27 
~------. 
Interior Negatj.ve Moment 
Colwnn Stri.p 10.32 2,,65 3·98 5·78 6.69 7·90 
Middle Strip 
·90 1·75 2.69 3·50 5·00 6.40 
Wall Strip .24 ,,50 
·73 1.05 1.14 1.25 
Beam 2.26 )+..24 6050 9·84 14·5) 20·52 
Total Ext. Neg. Mom. 2~08 )-1,,)-12 6·')3 8·34 11.21 15·36 
Total Int, Neg.. Mom. 4.'!2 9·14 13·90 20.17 27.j6 36.07 
Average Negative Moment 3.40 6.78 .10,12 14.25 19·2e. 25·72 
-.~. ---'~-----'.= 
Positive IYbment 
Column Strip ·90 1,,7)+ 2.69 .3.15 .3·5)+ 4.08 
Mi.ddle Strip 1.07 2,,21 3 0 29 4.74 6.06 6.8.l 
Wall Stri.:p ,16 .,40 ·52 .69 ·91 1.1)+ 
Beam 1.66 3·35 4·99 6,85 8.41 9·53 
Total Pooi.tive Moment )·79 7.68 11.49 15· )+.3 18·92 21·56 
~~~-~. ~~. ~~-~-, 
'rotal .Moment 7 .~9 14,,46 21.61 29.68 )8020 47.28 
.ACI 
6 DESIGN 
280 M)MENT 
5.81 4·95 
3·92 5·51 
5·13 2.20 
2.60 9·27 
9·06 7·72 I 
7,.)8 )-+.68 f0 0 
1.42 3·85 \J~ I 
24.47 14.83 
17.46 21·93 
42033 11.08 
29·90 26.50 
4.62, 
.3·30 
7, j+L) 5·51 
1 r ItO 1.79 
11.07 10·59 
2 J+,59 21.19 
54 o)~9 1+7.69 
TABLE 40 
MOME~ITS AT DESIGN SECTIONS IN ~eHE FLAT SLAB REINFORCED WITH WELDED WIRE FABRIC 
INTERIOR PANEL E, TEST 502 
MEASURED MOMENT {KIP-IN2 
Load. 1 2 3 4 
Load) psf 104 161 218 286 
Negative Moment 
Column Strip 7·75 11·35 15094 20021 
Middle Strip 2035 3062 404-5 7020 
Total Negative Moment 10010 14097 20039 27 041 
~ .... ~."--~~ 
Pos:i.ttve Moment 
Column Strip 1.097 3017 4019 5081 
Midd.le strip 1042 2025 2098 4,,05 
Total Positive Moment 3039 5042 7017 9.86 
Total Moment 13o~9 20039 27056 37027 
-,ACI 
DESIGN 
MOMENT 
14010 
4022 
18032 
I 
[\) 
0 
+"" 
I 
5064 
4022 
9086 
28018 
-205-
TABLE 41 
MEASURED MOMENTS IN INTERIOR SPAN OF TWO-WAY SLAB WITH SHALLOW BEAMS 
POSITIVE MOMENT SECTION 
Test Load Panel E Beam EF Panel F Edge Beam F 
psf M* C** M C M C M C 
416 180 5088 00022 4.70 00017 4078 00018 2083 00010 
211 7.40 00023 5·00 00016 6037 0.020 3·37 0.011 
442 290 10.20 00023 6055 0.015 1002l 0.023 3060 00008 
331 10·32 0002l 7070 0.016 10·39 00021 3070 0.007 
361 10014 00019 9·50 0.018 10040 0.019 3095 00007 
386 10014 00018 10080 00019 10027 00018 4020 00007 
405 10.08 00017 11055 0.019 10.25 0.017 4045 00007 
415 9090 00016 12020+ 0.020 10012 00016 4060 00007 
NEGATIVE MOMENT SECTION 
416 180 10.48 0.039 7.80 0.029 10000 00037 4062 00017 
211 11024 00036 8070 00027 11031 00036 5007 00016 
442 290 14.24 0.033 11080 00027 13056 0.031 6032 0.015 
331 16.90 00034 13030 00027 16.77 0.034 7027 0.015 
361 19.14 0.035 15040 00028 18.72 00035 8002 0.015 
386 20.50 0.035 16050 0.029 20001 00035 8047 0.015 
405 2l.74 0.036 18050 00030 21078 00036 9037 00015 
415 22018+ 00036 22000 0.035 22041+ 00036 10.72 OoOl? 
* MOment in Kip-inche~ 
** Coefficient C = M/ qL3 
+ Signifies section has yielded 
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Tft.BLE 42 
MEASURED MOMENTS IN END SPAll" OF TWO-WAY SLAB WITH SHALLOW BEAMS 
Exterior Negative Moment Section 
Panel B Beam BC Panel C Test Load 
psi' M* c** M C M C 
416 
442 
180 
211 
290 
331 
361 
386 
405 
415 
3030 
4036 
6098 
8.44 
9096 
11.02 
10.66 
13.56 
0.012 
00014 
0.016 
00017 
0.018 
00019 
00018 
00022 
7·72 
8.42 
10.87 
12027 
13·57 
14042 
15057 
16038+ 
00029 
0.027 
0.025 
00025 
0.025 
00025 
00026 
00026 
3004 
3096 
5026 
6.10 
6069 
5037 
8.03 
8.21 
Positive Moment Section 
416 i.80 
211 
290 
33l 
361 
386 
405 
415 
1.0076 
11.008 
::'1,,28 
11054 
12.00 
12076 
0.025 
00027 
00025 
00022 
0.021 
00020 
0.020 
00021 
6008 
6083 
10·33 
12083 
lLc33 
i.6068 
l8003+ 
18003+ 
00023 
0.022 
0.024-
00026 
0.026 
00029 
00030 
00029 
6058 
8032 
10093 
ll047 
11079 
1.2. 011. 
12061 
12099 
Interior Negat,i ve Moment Sect:!.o~ 
42.6 180 
21l 
290 
331 
361 
386 
405 
415 
10,62 
11032 
16060 
18054 
20.10 
21",04 
22.18+ 
22.18+ 
0.039 
00036 
00038 
00037 
0.037 
0.036 
0.037 
00036 
*l-1:oment i.n Kip-inches 
.:,.:.""" -f" ..... C M
'
-r3 
·",*'Coe!· l~le:nl.· = / q,.i..l 
+Signifies section has yi.elded 
8.8 
1000 
13.8 
16.0 
17·) 
18.4 
21·5 
23·23+ 
0.033 
0.032 
00032 
0.032 
00032 
00032 
0.035 
0.037 
10.17 
11032 
16.84 
18071 
20·51 
21081 
22041+ 
22041+ 
00011 
0.013 
00012 
00012 
00012 
00009 
00013 
00013 
0.02)+ 
00026 
0,025 
0.023 
00022 
0.021. 
0,,02:_ 
0.021 
0,038 
00036 
00039 
000::;8 
00038 
00038 
0.037 
00036 
Edge Beam C 
M C 
5093 
6.48 
6098 
7023 
7.63 
7 0 98+ 
3039 
3064 
5004 
5.7 l 
6014 
6 ~,79 
7039 
3009 
5075 
/" _." 
t: 0 1.) 
8020 
8080 
9065 
908.5 
10070 
1108-0 
0.014 
0.014 
00014 
0.013 
00013 
000:.2 
00013 
0.013 
0.,012 
o 0 O:~.:: 
00 Cil.2 
00019 
000::.9 
00018 
00018 
00017 
o oOJ.S 
OoO:i9 
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TABLE 43 
MEASURED MOMENTS IN INTERIOR SPAN OF TYPICAL TWO-WAY SLAB 
Positive MOment Section 
Test Load Panel E Beam EF Panel F Edge Beam F 
psf M* C** M C M C M C 
Do L. 41 1·53 0.025 l·36 00022 1.25 0.020 0090 00015 
314-1 145 2089 0.013 3.74 00017 2098 00014 2.44 O.Oll 
-2 170 3.67 00014 5010 00020 3·58 00014 3068 00014 
-3 194 4037 0.Ol5 6023 00021 4035 00015 4014 00014 
-4 213 5068 00018 7·3 0.023 5010 00016 501 00016 
335-4 267 5·17 00013 707 00019 5'079 00015 6.6 00017 
-5 288 5079 0.013 lO.2 00024 6,,63 00015 70l 0.016 
-6 311, 6021 00013 1201 00026 6.86 0.015 708 00017 
-7 333 6043 00013 13·3 00027 7012 00014 808 00018 
-8 353 6074 00013 1403 0.027 7045 0.014 9·2 00017 
Negative MOment Section 
D. L. 4l 1095 00032 2081 00046 1086 00030 0097 00016 
314~1 145 6092 0.032 10082 00050 6083 0.031 3059 00017 
-2 170 7~11 00028 13045 00053 7010 00028 5053 0.022 
-3 194 7032 00025 14.8 00051 7032 00025 6043 00022 
-4 213 7042 00023 1509 00050 7052 00024 705 00024 
355-4 267 7090 00020 1705 00044 8010 00020 804 00021 
-5 288 8073 00020 1901 00044 10014 00024 909 0002.3 
-6 311 lOo15 00021 2102 00046 11014 00024 1107 00025 
-7 333 10.66 00021 2204 00045 12036 00025 1300 00026 
-8 353 10.74 00020 2400 00045 12072 00024 1400 00026 
* MOment in Kip-inches 
** Goefficients C = M/ qL3 
Test Load psf 
DoL. 41 
3l4-1 145 
-2 170 
-3 194 
-4 213 
335- L 267 
-·5 288 
-6 311 
-7 333 
-8 353 
DoLo 41 
3l~L-:::" 145 
-2 170 
··3 194 
~!~ 213 
355-1+ 267 
-) 288 
-6 311 
-7 333 
·-8 353 
DoL, 4l 
314-1 145 
-2 170 
-3 194 
-4 213 
335-4 267 
-5 288 
-6 311 
-7 333 
-8 353 
-208-
TABLE 44 
MEASURED HOMENTS IN END SPAN OF TYPICAL THO-WAY SLAB 
Exterior Negative I'-1oment Section 
Panel B 
M-)(- C** 
1.27 0.021 
2.21 0.010 
3.14 0.012 
4.00 0.014 
4.58 0.014 
4.73 0.012 
5.40 0.013 
6.16 0,013 
6.36 0.013 
7.03 0.013 
1.58 
2.84 
3·71 
4.63 
5.49 
6.19 
6.28 
6.50 
6.71 
7·21 
0.026 
0.013 
0.015 
0.016 
0.017 
00016 
0.015 
O.OlL;. 
0.013 
Ovo14 
Beam :Be 
M 
2.18 
4035 
6053 
8·30 
10074 
14·3 
14.5 
14·7 
15·0 
1601 
C 
0.036 
0.020 
0.026 
00029 
0.034 
0.036 
0.034 
00032 
00030 
0.030 
M 
1.22 
2.28 
2·78 
3·31 
)073 
4.05 
5014 
5· 74 
5.83 
6.08 
posi.ti ve I'-1cment Section 
90l 
9·,7 
140) 
11):;6 
19,,2 
0.048 
00034 
0.031 
0.031 
0.030 
0.,036 
0,,036 
0.036 
00036 
0.036 
1.45 
2·90 
3069 
4"58 
5 1.7 • ! 
6·30 
6071 
6094 
7u13 
7'·38 
Panel C 
C 
0.020 
0.011 
0.011 
0.011 
0.012 
0.010 
0.012 
0.012 
0.012 
0.012 
0.024 
00013 
Oe015 
0.016 
0.017 
O.Olt 
0.016 
0~015 
OoOlL 
o .011l-
Interior Negative Moment Section 
2.79 
7·58 
7·68 
8.50 
9·00 
10.76 
10.80+ 
10.80+ 
10.80+ 
10,80+ 
o. Ol~5 
0.035 
0.030 
0.029 
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TABLE 45 
MEASURED MOMENrS IN TYPICAL TWO-WAY SLAB AT 2.0 LIVE LOADS PLUS DEAD LOAD 
213 psf Total Load 
_______________ , _______________________ K ______________________________________________________ ~ ____ __ 
Slab Moments 
Int. Panel Edge Panel, Perp. Edge Panel,Paral1el Corner Panel 
+ Into- + Ext 0 -
All Panels Loaded 5068 7042 9·00 5049 4058 
'iSingle Fanelli 5060 8072~ 5053 4048 
Checkerboard 5058 5008 5014 
Beam Moments 
InterIor Beam 
Interi.or Span End Span 
+ Into- + Ext.-
All Panels Loaded 7·3 1~·9 17·7 9·7 1007 
ilSingle Panel j~ 
Checkerboard 800~"* 1601i- 18,,5 1201 11·7 
·~·Obta:i.ned by superposition of single panel loadings. 
·~*'Obta.i.ned from loading for maxi.mum negative moment in beam 0 
+ Int.- + Ext. -
5·10 7052 9016 5047 3·73 
5·94 8.11* 5·22 2.82 
5070 7060' 10002 5052 )059 
Spandrel Beam 
Interior Span End. Span 
+ Int.- + Ext. -
5·1 705 7.8 503 4.8 
6.2 704* 507 407 
5·7 800 806 507 5·1 
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FIG. 1 LAYOUTS OF BUILDINGS WHICH WOE· LOAD TESTED 
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FIGe 2 TYPICAL STRESS-STRAIN CURVE FOR liS-IN. SQUARE BARS 
~ 
• 
.,.. 
JA 
'" QQ 
M 
100 
80 
60 
t! 40 
of.:» 
Cf.) 
20 
o 
o 
Gage 14 
Gage 9.5 
0.4 0.8 1.2 1.6 2.0 2.4 2 .. 8 
Unit strain, percent 
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FIG. 9 TOP STEEL 'II THE FLAT PLATE TEST STRUCTURE 
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FIG. 11 ARRANGEMENT OF COLUMN REINFORCEMENT IN FLAT ·PLATE TEST STRUCTURE 
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FIG. 13 LAYOU'f OF .FLAT SLAB TEST STRUCTURES 
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FIG. 14 ARRANGEMENT OF REINFORCEMENT IN BEAMS IN THE FLAT SLAB TEST STRUCTURES 
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FIG .. 11 ARRANGEMENT Ol~ COL'UMIf REINFORCEMENT IN FLAT SLAB REINfORCED WITH l/B-m. SQUARE BARS 
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-1 1 3 14 1.6 
2 1 3 13 15 
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5 1 2 '14 12·5 
6 1 2 11.5 12.5 
1 1 2 1.2 124115 
FIG.. 19 BOTTOM STEEL II' TBI FLAT SLAB TES'r STRUCTURE REIlWORCED WITH 
WELDED WIRE FABRIC 
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FIG. 20 TOP STEEL II" THE PLAT SLA! TEST STRUCTURE 
REI1lPORCED WITH WELDED WIRE PAlmIC 
10 
16 
12 
10 
16 
16 
13 
10 
12 
#2 bar. welded to w,rtical steel 
1' ... 8" 
I" i l'~Q" 11 
8-:f1:3bar8 
Comer Colman 
1.t ... 10 3/4'" 
1/8" 8q. tiel at 3" 
,-1/2" 
Cen't,er of leu-iDs 
4-1/8" 
1-'/4" 
" ... ,/4" 
Interior Colman 
~ ·-"t~6-#3 bare 
--']5" 
,-1/2" 
Ease Column 
FIG .. 21 ARRARGEMEItT OP COLUMI REllO'ORCEMDT D PLAT SLAB REIDORCED WITH WELDED WIRE :rABBlC 
• ~ 
o 
a 

-231 ... 

-232-
A 
N 
Jbte: D1aeu1oD he·~ 16-5/8: ill Typical TWo-Vq SlU ad 
~. ~ l~-:~!all 1D Tw __ Way Sla'b Y1~ Sh&llow Beam~ 
3" I c:::J= { =r1- 1/ 2" =cJ3" 
LJ 
Edge Beam Interior Beam 
I 
(a) Beam Corss Section 1n Two-W~ Slab with Shallow Beams ~ \..H 
• 
4-1/4" I ==r 1-1/2" l 1 
5" 
-B....-
w LU Interior Beam Edge Beam 
(b) Beam Cross Sections in Typical Two-Way Slab 
FIG. 24 BEAM CROSS SECTIONS IN TWO-WAY SLAB TEST STRUCTURES 
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APPENDIX A 
RELATIONSHIP BETWEEN BENDING MOMENTS 
AND STRAIN IN REINFORCEMENT 
A.l Introductory Remarks 
In this appendix the relationships between the bending moments and 
the measured strains in the steel are presented. These relationships are 
~uite important since they form the basis for obtaining the moments in the 
reinforced concrete slab structures tested. 
The straight-line cracked-section analysis of a section which is 
widely used in design cannot be utilized to relate the measured strain to 
moment since the tensile forces in the concrete are ignored. With high steel 
ratios this assumption does not lead to large errors. In slab structures, on 
the other hand, the reinforcement ratios are usually ~uite low and the tensile 
forces in the concrete are important. If the minimum reinforcement ratio 
allowed by the ACI Code (318-56) is supplied, the crack~ng and yield moments 
may be nearly e~ual. 
Three series of small beams having depths and reinforcement ratios 
similar to the critical sections of the slabs were tested in order to develop 
the moment-strain relationships. Twelve beams were tested by Mila (46) in 
order to study the over-all behavior of the beams. Twenty-four beams were 
tested by Strougal in a study of the moment-strain characteristics after the 
beams had been loaded to beyond the cracking moment and then unloaded and 
reloaded. Jirsa tested 24 beams reinforced with wires similar to those used in 
Test Structure No.5, the flat slab reinforced with welded wire mats. These 
wires did not have a well defined yield point stress. 
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The moment-strain curves developed for reinforcement which had a well 
defined yield point are repres~nted as two straight lines. The first line 
connects the origin of the curves with a point defined by the moment and strain 
in the reinforcement when cracking first occurs in the concrete. The third 
point utilized is defined by the yield strain in the reinforcement and the 
yield moment. A .typical curve for a section reinforced with steel which 
exhibits a sharp yield point is shown in Fig. Ala. 
Mila also developed a more precise method of computing theoretical 
moment-strain curves based on the stress-strain characteristics of the concrete 
in both compression and tension. One of these curves is shown as a .broken line 
in Fig. Ala. This behavior was not observed in the test beams except when the 
reinforcement ratio was extremely low and the cover over the reinforcement 
unusually large. 
For reinforcement that did not show a well defined yield stress, but 
rather reached a proportional limit at which the strain rate gradually increased 
until a flat-topped yield range was reached, a moment-strain curve of three 
straight line segments was used. The first break in the curve is at the cracking 
moment, and the second corresponds to the moment and strain when the steel 
reaches the proportional limit. The curve becomes horizontal when the full 
yield moment and yield strain are reached. A typical moment-strain curve is 
shown in Fig. Alb. 
The cracking moments are discussed in the next section of this 
appendix. The moments corresponding to the yield and proportional limits of 
the reinforcement were computed on the basis of the straight line formula, 
M = A f jd. 
s s 
The curves have been drawn for the sections beginning from the point 
of zero strain and zero moment. In the use of the curves, the dead load strain 
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was determined by extrapolating the strains measured in one of the first load 
tests back to zero load. This strain and the cQrresponding moment may be 
plotted on the moment-strain curve as shown in Fig. A2. 
The curves are entered using the measured strain plus the dead load 
strain, and the corresponding moment is found. If the section has been cracked 
during a previous test, the residual strain is also included in the strain. 
The resultant moment is the total moment, and includes the effects of dead 
load. If the total strain is greater than has been reached in a previous test 
or the section has not been cracked the moment is taken directly from the 
moment-strain curve. If, however, the section has been cracked previously by 
an applied load which caused a moment of Ml , and the strain in the present test 
is less than El , the moment value must be taken from the rebound curve shown 
in Fig. A2. This is ~uite important since the differences may be ~uite large. 
A strain E2, as plotted in the figure, may be either M2 or M2, depending on 
whether the moment Ml has been reached in some previous test. 
The moments are in terms of kip-inches for the beams and unit moment, 
such as kip-inches per inch, in the slab sections. The total slab moments are 
found by first determining the unit moment for each gage location and then 
multiplying the unit moment by a tributary width of slab which extends halfway 
to the next gages on either side of the gage considered. 
Ao2 Cracking Moments and Strains 
The crac.king moments were computed on the basis of a cracking stress 
in the concrete and the uncracked, transformed moment of inertia of the section. 
The cracking stresses used were less than the measured modulii of rupture 
because the reinforcement present in the sections restrained the normal free 
shrinkage of the concrete. This restraint induces tensile stresses in the 
concrete and thereby reduces the apparent modulus of rupture. 
The stress and strain which were assumed to cause cracking of the 
concrete in each of the five test structures are shown in the following table. 
The compressive strengths of the concrete, f!, and the modulii of rupture, f , 
c r 
are also listed. 
CRACIaNG STRESSES AND STRAINS IN THE CONCRETE 
Structure Cracking Cracking fr f' c 
No. Strain Stress, psi pSi. psi 
1 0.00015 310 700 2510 
2 0.00015 360 600 2760 
3 0.00015 400, slabs 590 3020 
350, beams 
4 0.00020 550, slabs 940 3660 
500, beams 
5 0.00019 600 775 4000 
Lower cracking stresses were used in the beams than in the slabs of 
Structure No. 3 and 4 since the reinforcement ratios were considerably greater 
in the beams than in the slabs. The larger reinforcement ratios provided more 
restraint against the shrintBge strains) and thus produced greater reductions 
in the apparent cracking stresses. 
The cracking stresses and strains were initially determined on the 
basis of the tests of the simple reinforced beams and the modulus of rupture 
specimens. The values were then modified so that the measured total moments 
in the interior panels were equal to the computed static moments. The moments 
at the lower load levels were extremely sensitive to the values of cracking 
stresses and strains. 
A.3 Flange Widths of T-Beam Sections 
It was assumed that a portion of the slab acted with the beams as 
the flange in a T-beam section. The inclusion of the flange did not change 
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the computed yield moments appreciably but the cracking moment was increased 
considerably by the inclusion of the beam flange. 
The total positive moment was not appreciably changed by changing the 
beam flange widths. Any increase in beam moment as the flange width was 
increased was offset by a loss of slab width and moment. The total negative 
I 
moment could be increased appreciably by increasing the beam flange width as 
long as the moment was not close to the yield moment. Measured compressive 
strains in the slab over and adjacent to the beam stems were used as guides 
in determining the width of slab that was acting with the beam. 
The beam flange widths, in terms of the number of slab thicknesses 
wide, assumed in the analysis of the test structures are shown in the following 
table. The interior beam flange widths shown are the widths on one side of 
the beams. 
T-BEAM FLANGE WIDrHS 
Structure Edge Interior 
No. Beams Beams 
1 Deep Beam 4t 
Shallow Beam 0 
2 Deep Beam 4t 
Shallow Beam 0 
3 4t 4t 
4 3t 3t 
5 Deep Beam 4t 
Shallow Beam 0 
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